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REMARKS 

Claims 1, 3-5, 9-13, 15, 17-21, 23, 25-27, 29-31, 33, and 35-39 were pending in the 
application. Claims 1, 17-18, 23, and 35-36 have been amended. Accordingly, upon entry of the 
instant response, claims 1, 3-5, 9-13, 15, 17-21, 23, 25-27, 29-3 1, 33, and 35-39 will remain 
pending in the application. 

Claims 1, 17-18, 23, and 35-36 have been amended to specify "an antigen binding 
fragment," as suggested by the Examiner. Support for this amendment can be found throughout 
the specification and the claims as originally filed. Specifically, support is present, at least, for 
example, at page 1 1, lines 7-29. 

No new matter has been added. The foregoing claim amendments should in no way be 
construed as an acquiescence to any of the Examiner's rejections and were made solely in the 
interest of expediting prosecution of the application. Applicants reserve the right to pursue 
claims covering any subject matter canceled herein in this or a separate application(s). 

Acknowledgment of the Examiner's Withdrawal of Certain Rejections and Objections 
Applicants gratefully acknowledge the Examinees withdrawal of (a) the previous 
rejection of claims 1, 4, 9-10, 12-13, 15, 17-21, 23, 26, 29-31, 33 and 35-39 under 35 U.S.C. § 
103(a) as being unpatentable over Foster et ah (U.S. Patent 5,217,954) in view of Hagiwara et 
al (U.S. Patent No. 6,165,467); and (b) the previous rejection of claims 1, 3-4, 6, 9-15, 21, 23, 
25-26, 28-33 and 39 under 35 U.S.C. § 103(a) as being unpatentable over Kerwin etal (U.S. 
Patent 5,929,03 1) in view of Hagiwara et al (U.S. Patent No. 6,165,467). Further, as the 
Examiner has not reiterated the objection to claims 1, 3, 4, 9-13, 15, 17-21, 23 and 28 for minor 
informalities (i.e., as reading on non-elected species), Applicants respectfully assume that this 
objection has been withdrawn. 

Information Disclosure Statements 

Applicants gratefully acknowledge the Examiner's indication that the Information 
Disclosure Statements and accompanying PTO/SB/08 Forms submitted on October 19, 2006, 
January 18, 2007, May 16, 2007 and December 5, 2007 have been considered. 
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Rejection of Claims Under 35 U.S.C. § 112, First Paragraph 

Claims 1, 3-5, 9-13, 15, 17-21, 23, 25-27, 29-31, and 35-39 are rejected under 35 U.S.C. 
§ 1 12, first paragraph, as not being enabled. The Examiner acknowledges that the instant 
specification is enabling for an antibody formulated with DTPA and DEF. However, the 
Examiner alleges that the specification is not enabling for a composition comprising a fragment 
of an antibody formulated with DTPA and DEF because such fragments "encompass, for 
example, a single amino acid residue of an antibody." 

To expedite prosecution, Applicants have amended claims 1, 17, 18, 23, 35 and 36 to 
specify "an antigen binding fragment thereof," as suggested by the Examiner. Accordingly, the 
Examiner's assertion that "fragments" are not enabled is now moot. 

The Examiner further asserts that the specification is not enabling for a pharmaceutical 
composition (z.e., claims 21 and 39) comprising an antibody (or fragment thereof) formulated 
with DTPA and a high concentration of DEF. 

Applicants respectfully traverse this rejection and submit that an appropriate 
concentration of DEF can be determined by one of ordinary skill in the art based on the 
knowledge available in the art at the time of filing and the teachings set forth in Applicants' 
specification. For example, as pointed out by the Examiner, a "composition comprising a high 
concentration of deferoxamine would not be used by one of skill in the art for pharmaceutical 
purposes" in view of the teachings set forth in U.S. Patent No.: 5,268,165" (hereinafter the '165 
patent), which discloses that DEF can "potentially caus[e] hypotension when administered 
intravenously" and "[s]ide effects from fast intravenous injection of . . [deferoxamine]. . .may 
lead to dramatic blood pressure drop." Accordingly, to avoid these known undesirable side 
effects, one of ordinary skill in the art would follow the art-recognized recommended 
concentrations of DEF, e.g., for intravenous administration of proteins. In addition to U.S. 
Patent No.: 5,268,165, other publications evidencing that these guidelines were well-established 
prior to the filing of the present invention include, for example, the enclosed publications by 
Bergeron et al {Blood (2002) Apr 15;99(8):3019-26; Appendix A), Kacew (Drug Toxicity and 
Metabolism in Pediatrics (1990) Chapter 16: 295-305; Appendix B) and Christensen {Hum Exp 
Toxicol. 2001 Jul;20(7):365-72; Appendix C). Specifically, these publications shown that it was 
known prior to the filing of the present application that intravenous infusion of deferoxamine at 
a dose of 1 5 mg/kg/h is safe and not associated with hypotension. Similarly, guidelines for the 
safe administration of DEF via others means, such as oral or intramuscular administration or 
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intramuscular, were also well-established prior to the filing of the present application. 
Accordingly, one of ordinary skill in the art could readily establish the appropriate dose of the 
claimed composition containing DEF based on recommended standards known in the art prior to 
Applicants' invention. 

Additionally, one of ordinary skill in the art could have determined the appropriate 
concentrations of DEF for administration to a subject in light of the teachings provided in 
Applicants' specification. Specifically, at page 14 (lines 8-23) of the specification, Applicants 
teach that appropriate doses of the claimed compositions depends upon a number of factors (e.g., 
age, body weight, general health, gender, and diet of the subject, time of administration, route of 
administration, etc.) within the knowledge of the ordinarily skilled physician, veterinarian, or 
researcher. Applicants further teach guidelines for dosage unit forms (see page 17, lines 7-15), 
suitable routes of administration (see page 14, line 24 through page 15, line 2), suitable 
formulations (page 15, line 3 through page 16, line 6). 

Accordingly, in view of the teachings in Applicants' specification and knowledge 
available in the art at the time of filing, the presently claimed compositions were fully enabled 
under 35 U.S. C. § 1 12, first paragraph. 

Rejection of Claims 1, 3-5, 9-10, 12-13, 15, 17-21, 23, 25-27, 29-31, 33 and 35-39 

Under 35 U.S.C § 103 

Claims 1, 3-5, 9-10, 12-13, 15, 17-21, 23, 25-27, 29-31, 33 and 35-39 are rejected as 
being unpatentable over Foster et al (U.S. Patent 5,217,954) in view of Hagiwara et al (U.S. 
Patent No. 6,165,467), Packer et al {Methods Enzymol, 186: 41-42 (1990)) and Akers (J. Par. 
Set Tech. 36:222-228 (1982)). The Examiner relies on Foster et al for teaching the use of a 
pharmaceutical formulation comprising a protein, bFGF, a stabilizing chelator, such as DTPA or 
EGTA to protect bFGF from oxidation. The Examiner further relies on Foster et al for teaching 
an agent for tonicity, a preservative or other auxiliaries, such as mannitol, glycerol, sodium 
chloride or Tris. The Examiner relies on Hagiwara et al for teaching a stable human 
monoclonal antibody preparation and that human monoclonal antibodies have an undesirable 
property that they easily aggregate and precipitate in a solution state. The Examiner relies on 
Packer et al for teaching that DEF suppresses iron-dependent generation of OH from H2O2. The 
Examiner relies on Akers for teaching that the use of a combination of antioxidants in the same , 
formulation produces a synergistic effect. Although the Examiner acknowledges that Foster do 
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not teach a composition comprising an antibody formulated with DTPA and DEF, the Examiner 
concludes that it would have been obvious to one of skill in the art that "the use of DTPA and 
DEF would stabilize a composition comprising a human monoclonal antibody" in view of the 
cited references. 

Applicants respectfully traverse this rejection. According to the obviousness standard 
articulated inKSRInt'l Co. v. Tele/lex Inc. (127 S. Ct. 1727 (2007)) (hereinafter "KSR"), an 
invention composed of several elements is not proved obvious simply by demonstrating that 
each of its elements was independently known in the prior art. Specifically, the Court in KSR 
noted that the combination must be evidenced from the prior art, and a variety of factors {e.g., 
interrelated teachings of multiple patents, demands in the marketplace, background possessed by 
one of ordinary skill in the art) must be considered "[t]o determine whether there was an 
apparent reason to combine the known elements in the way a patent claims (emphasis added)." 
Moreover, § 103 is a bar to patentability when a person of ordinary skill can implement a 
" predictable variation . " 

In accordance with this legal framework, one of ordinary skill in the art would not have 
been motivated to have combined the teachings of the cited references to arrive at the presently 
claimed compositions. Although Foster et al and Packer et al. independently teach that DTPA 
and DEF have stabilizing properties, there was no teaching in the art prior to Applicants' filing 
that would have made it predictable that that these two agents, in particular, would be especially 
effective at preventing degradation of an antibody, when combined together. In fact, there was 
no teaching or suggestion in the prior art whatsoever that there would be a benefit to combining 
these two agents from amidst the many stabilizing agents known in the art. The mere fact that 
Akers generally teaches that combinations of antioxidants can produce a synergistic effect on the 
antioxygenic behavior of one or both antioxidant compounds would not have motivated one of 
ordinary skill in the art to arbitrarily try combining DEF with DTPA, when hundreds of other 
antioxidant compounds were known in the art. Further, since Foster et al and Packer et al had 
already discovered that DTPA and DEF in their own right can successfully protect a protein 
against degradation, one of ordinary skill in the art would have had no reason to combine these 
two specific agents. 

Further, the claimed compositions are not merely a "predictable variation" arising from 
the combined teachings of the cited references. As taught in Applicants' specification, 
Applicants were the first to discover the unexpected and surprising synergistic effect that the 
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specific combination of DTP A and DEF, in particular, has on reducing/preventing protein 
oxidation (see, for example, page 2, lines 23-25; page 4, lines 10-13; page 27, line 7 through 
page 8, line 23; and page 36, lines 27-32 of the specification). In contrast to the suggestion in 
Akers that any combination of antioxidants would produce a synergistic effect, Applicants did 
not find this to be the case with other combinations of other agents, such as EGTA and DEF. 
While Applicants did note that the combination of EGTA and DEF conferred some level of 
protective effect (see, for example, page 2, lines 24-25, page 4, lines 6-10; page 14, lines 4-7; 
page 28, lines 26 through page 29, line 10 of the specification), the combination did not result in 
a significant effect. Therefore, contrary to the suggestion of Akers, the mere fact that two anti- 
oxidative agents are combined does not mean the resulting combination will produce a 
significant effect. As such, Applicants' discovery that the unique combination of EGTA and 
DEF yields a synergistic protective effect was not predictable in view of the teachings of the 
cited references and, as such, was not prima facie obvious in light of the standard established 
under KSR. 

Based at least on the foregoing, the pending claims are patentable. Accordingly, 
Applicants respectfully request the Examiner to reconsider and withdraw the rejection. 



Rejection of Claims 1, 3-5, 9-13, 12-13, 15, 17, 18, 21, 23, 25-27, 29-31, 35, 36, and 39 

Under 35 U.S. C § 103 

Claims 1, 3-5, 9-13, 12-13, 15, 17, 18, 21, 23, 25-27, 29-31, 35, 36, and 39 are rejected 
as being unpatentable over Kerwin et al. (U.S. Patent 5,929,03 1) in view of Hagiwara et al 
(U.S. Patent No. 6,165,467), Packer et al (Methods Enzymol, 186: 41-42 (1990)) and Akers (J. 
Par. Sci. Tech. 36:222-228 (1982)). The Examiner relies on Kerwin et al for teaching the 
preparation of a pharmaceutical composition which includes hemoglobin, a reducing agent, one 
or more chelators (such as DTPA or EGTA) and, optionally, one or more buffers (such as citrate 
of Tris) and salts (such as sodium chloride). The Examiner relies on Hagiwara et al, Packer et 
al and Akers for the reasons discussed above. Although the Examiner acknowledges that 
Kerwin et al do not teach an antibody formulated with DTPA and DEF, the Examiner asserts 
that it would have been obvious to one of skill in the art that "the use of DTPA and DEF would 
stabilize a composition comprising a human monoclonal antibody" in view of the cited 



10 



Application No.: 10/618,350 



Docket No.: MXI-285RCE 



Applicants respectfully traverse this rejection for the reasons discussed above with 
respect to the obviousness rejection over Foster et al. in view of the cited secondary references. 

Specifically, in view of the standard set forth by the Court in KSR (summarized above), 
one of ordinary skill in the art would not have had reason to combine the teachings of the cited 
references to arrive at the presently claimed compositions. Although Kerwin et al. and Packer et 
al. independently teach that DTPA or EGTA and DEF have stabilizing properties, there was no 
teaching in the art prior to Applicants' filing that would have made it predictable that that these 
two agents, in particular, would be especially effective at preventing degradation of an antibody, 
when combined together. In fact, there was no teaching or suggestion in the prior art whatsoever 
that there would be a benefit to combining these two agents from amidst the many stabilizing 
agents known in the art. The mere fact that Akers generally teaches that combinations of 
antioxidants can produce a synergistic effect on the antioxygenic behavior of one or both 
antioxidant compounds would not have motivated one of ordinary skill in the art to arbitrarily try 
combining DEF with DTPA, when hundreds of other antioxidant compounds were known in the 
art. Further, since Kerwin et al. and Packer et al. had already discovered that DTPA and DEF in 
their own right can successfully protect a protein against degradation, one of ordinary skill in the 
art would have had no reason to combine these two specific agents. 

Further, as discussed above, the claimed compositions are not merely a "predictable 
variation" arising from the combined teachings of the cited references. As taught in Applicants' 
specification, Applicants were the first to discover the unexpected and surprising synergistic 
effect that the specific combination of DTPA and DEF, in particular, has on reducing/preventing 
protein oxidation (see, for example, page 2, lines 23-25; page 4, lines 10-13; page 27, line 7 
through page 8, line 23; and page 36, lines 27-32 of the specification). In contrast to the 
suggestion in Akers that any combination of antioxidants would produce a synergistic effect, 
Applicants did not find this to be the case with other combinations of other agents, such as 
EGTA and DEF. While Applicants did note that the combination of EGTA and DEF conferred 
some level of protective effect (see, for example, page 2, lines 24-25, page 4, lines 6-10; page 
14, lines 4-7; page 28, lines 26 through page 29, line 10 of the specification), the combination 
did not result in a significant effect. Therefore, contrary to the suggestion of Akers, the mere 
fact that two anti-oxidative agents are combined does not mean the resulting combination will 
produce a significant effect. As such, Applicants' discovery that the unique combination of 
EGTA and DEF yields a synergistic protective effect was not predictable in view of the 
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teachings of the cited references and, as such, was not prima facie obvious in light of the 
standard established under KSR. 

Based at least on the foregoing, the pending claims are patentable. Accordingly, 
Applicants respectfully request the Examiner to reconsider and withdraw the rejection. 
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CONCLUSION 

In view of the foregoing, entry of the amendments and remarks herein, reconsideration 
and withdrawal of all rejections, and allowance of the instant application with all pending claims 
are respectfully solicited. If a telephone conversation with Applicants' attorney would help 
expedite the prosecution of the above-identified application, the Examiner is urged to call 
Applicants' attorney at (617) 227-7400. 

Dated: April 15, 2008 Respectfully submitted, 



Jill Gomy Eloper 
Registration No\ 60,760 
LAHTVE & COOKFIELD, LLP 
One Post Office/Square 
BostoO^fHSsachusetts 02109-2127 
(617) 227-7400 
(617) 742-4214 (Fax) 
Attorney/ Agent For Applicant 
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TRANSFUSION MEDICINE 

HBED ligand: preclinical studies of a potential alternative to deferoxamine for 
treatment of chronic iron overload and acute iron poisoning 



efficient as DFO In producing iron excre- 
tion. For both chelators at a dose of 150 
jimol/kg, SC was more efficient than IV 
administration. The biochemical and his- 
topathologic effects of NaHBED adminis- 
tration were assessed. No systemic toxic- 
ity was found after either IV administration 
once daily for 14 days to iron-loaded 
dogs or after SC administration every 
other day for 14 days to dogs without iron 
overload. Evidence of local irritation was 
found at some SC injection sites. When 
the NaHBED concentration was reduced 
to 15% or less in a volume comparable to 
a clinically useful one, no local irritation 



was found with SC administration in rats. 
Because treatment of acute iron poison- 
ing may require rapid chelator infusion, 
we compared the effects of IV bolus ad- 
ministration of the compounds to normo- 
tensive rats. Administration of DFO pro- 
duced a prompt, prolonged drop in blood 
pressure and acceleration of heart rate; 
NaHBED had little effect. NaHBED may 
provide an alternative to DFO for the 
treatment of both chronic transfusions I 
iron overload and of acute iron poison- 
ing. (Blood. 2002;99:3019-3026) 

© 2002 by The American Society of Hematology 



Raymond J. Bergeron, Jan Wiegand, and Gary M. Brittenham 

We have continued the preclinical evalua- 
tion of the efficacy and safety of the 
hexadentate phenolic aminocarboxylate 
iron chelator N, K -bis{2 -hydroxy benzyl) 
ethylenediamlne-fy rV-diacetic acid 
monosodium salt (NaHBED) for the treat- 
ment of both chronic transfusional iron 
overload and acute iron poisoning. We 
examined the effect of route of administra- 
tion by giving equimolar amounts of 
NaHBED and deferoxamine (DFO) to Ce- 
bus apeila monkeys as either a subcutane- 
ous (SC) bolus or a 20-minute intrave- 
nous (IV) infusion. By both routes, 
NaHBED was consistently about twice as 

Introduction 

Over the past 3 decades, deferoxamine B (DFO, Figure 1) has 
demonstrated its iron-chelating efficacy for the treatment of both 
chronic iron overload and acute iron poisoning. 1 ' 2 For patients who 
require chronic transfusion for thalassemia, sickle cell disease, 
myelodysplasia, or other refractory anemias, DFO has been a 
generally safe and effective therapeutic agent that can control body 
iron; alleviate hepatic, cardiac, and endocrine dysfunction; improve 
growth and sexual maturation; and extend survival. 3-6 In the 
treatment of acute iron poisoning, DFO may be lifesaving. Enteral 
administration can bind unabsorbed iron in the gastrointestinal 
tract, and intravenous (IV) infusion can help clear iron from the 
systemic circulation. 

Despite this admirable record, the limitations of DFO as an 
iron-chelating agent have also become evident. For patients with 
chronic iron overload, treatment with DFO is costly, inefficient, 
cumbersome, and unpleasant. The siderophore is still produced by 
large-scale fermentation of a strain of Streptomyces pilosus, 7 
contributing to the expense of the drug. DFO is inefficient as an 
iron chelator; typically only 5% or less of the drug administered 
promotes iron excretion. Because gastrointestinal absorption is 
poor and circulatory elimination is rapid, effective therapy for 
chronic iron overload usually requires subcutaneous (SC) or IV 
administration by a portable infusion pump for 9 to 12 hours for 5 
or 6 days each week. 8-10 Not surprisingly, most patients have 
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difficulty in complying with such a demanding regimen. Moreover, 
a variety of toxic effects of treatment with DFO have become 
evident. 11-13 Allergy to DFO is rare but develops in some pa- 
tients 14 ' 15 ; painful reactions at the site of SC infusion are nearly 
universal 16 ' 17 Other adverse reactions include visual and auditory 
neurotoxicity, 18 pulmonary toxicity, 19 bony changes, 20 growth 
failure, 21 and promotion of Yersinia enterocolitica infections. 22 
Although improved management strategies have decreased the 
prevalence of neurotoxicity, bony changes, and growth failure, 
compliance with DFO remains an important problem. 1 

Although slow IV infusions of DFO (< 10 mg/kg per hour) 
have been well tolerated in patients with chronic iron overload, 23 ' 25 
rapid IV administration for the treatment of acute iron poisoning 
can produce severe hypotension. 26 In addition, IV infusions of DFO 
at doses higher than the recommended 1 5 mg/kg per hour for more 
than 24 hours for therapy of acute iron poisoning have resulted in 
several instances of acute respiratory distress syndrome (ARDS). 19,27 
ARDS has also been reported in a child who had been treated with 
IV DFO according to the current guidelines. 28 Finally, the manufac- 
turer recommends that the total daily parenteral dose of DFO 
should not exceed 6 g. Because 1 g DFO only binds about 90 mg 
elemental iron, and a single tablet for the treatment of iron 
deficiency in adults may contain as much as 65 mg elemental iron, 
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Figure 1. Structures of the iron chelators chosen for evaluation. N, .V-bts(2- 
hydroxybenzyt)elhylenediamine-A/, /V-diacetic acid monosodium salt (NaHBED, 
top), and deferoxamine B (DF0, bottom). 

6 g DFO given parenterally may not be adequate in patients with 
severe iron poisoning. 

N, i\T-Bis(2-hydroxybenzyl)ethylenealamine-iV', W-diacetic acid 
(HBED, Figure 1) is a synthetic hexadentate ligand that, like DFO, 
forms a 1:1 complex with iron with high affinity and selectivity. 29 
We have previously reported studies of the efficacy and safety of 
parenteral administration of this synthetic iron chelator, predomi- 
nantly as its monosodium salt (NaHBED). For the treatment of 
acute iron poisoning, NaHBED administered orally would bind and 
inactivate iron in the gastrointestinal tract and prevent its absorp- 
tion. Administered IV, NaHBED would also bind and inactivate 
excess iron in the systemic circulation but without producing the 
hypotension that results from rapid IV administration of DFO. For 
treatment of chronic iron overload, we anticipate that administra- 
tion of NaHBED would require a single SC or IV injection once 
every other day or, perhaps, once or twice weekly. This schedule of 
parenteral administration might be preferable to daily prolonged 
SC infusions of DFO or to ingestion of a large number of tablets on 
several occasions daily. Other efforts to develop substitutes for 
DFO for chronic iron-chelating therapy have concentrated on 
bidentate or tridentate ligands to be administered orally. 30 ' 3 1 HBED, 
as a hexadentate chelator, would be free of the risk of exacerbating 
iron-related tissue damage that may be present with some of these 
partial ligands. Because HBED is a synthetic product, problems of 
local reactions to potential fermentation by-products not removed 
during purification would be absent. Finally, for patients allergic to 
DFO, HBED, a member of a different family of chelators, would be 
unlikely to provoke a similar response. 

In our earlier studies, we found that SC administration of HBED 
to iron-loaded monkeys consistently induced iron clearance that 
was 2 to 3 times greater than that induced by an equimolar dose of 
DFO and have observed no adverse effects of chelator administra- 
tion. 32 ' 33 We now report further preclinical investigations of this 
compound, including (1) a comparison of the iron clearing 
efficiency of IV versus SC administration of NaHBED in primates, 
(2) the systemic toxicity of IV NaHBED in dogs, (3) the systemic 
toxicity of SC NaHBED in dogs, (4) an assessment of the local 
tolerability of SC NaHBED in rodents, and (5) the impact of IV 
NaHBED on the blood pressure and heart rate of normotensive 
rodents. Based on the data available thus far, NaHBED, adminis- 
tered IV as well as SC, continues to be a strong candidate for a 
much-needed alternative to DFO that may provide patients with 
chronic iron overload or acute iron poisoning with a safe, clinically 
effective form of iron-chelating therapy. 
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Materials and methods 

Materials 

Deferoxamine B in the form of the inethanesulfonate salt, Desferal, was 
obtained from No vartis Pharma (Basel, Switzerland). The monosodium salt 
of HBED was obtained from either Strem Chemical (Newburyport, MA) or 
Prime Organics (Lowell, MA). Sprague-Dawley rats (Crl:CD(SD)BR-CD) 
were purchased from Charles River (Wilmington, MA). Cebus ape/la 
monkeys were obtained from World Wide Primates (Miami, FL). Male 
beagle dogs were purchased from Harlan Sprague-Dawley (Indianapolis, 
IN). All reagents and standard iron solutions were obtained from Aldrich 
Chemical (Milwaukee, WI). Atomic absorption measurements were made 
on a Perkin-Elmer model 5100 PC (Norwalk, CT). Ultrapure salts were 
obtained from Johnson Matthey Electronics (Royston, United Kingdom). 
All hematologic and biochemical studies 34 were performed by Antech 
Diagnostics (Tampa, FL). Histologic evaluation of necropsy tissues was 
performed by Florida Vet Path (Bushnell, FL). 

Iron loading of C apeHa monkeys 

The monkeys were overloaded with IV iron dextran as previously described 
to provide about 500 mg Fe/kg body weight 35 ; the serum transferrin iron 
saturation rose to between 70% and 80%. We waited at least 20 half-lives, 
60 days, 36 before using any of the animals in experiments evaluating 
iron-chelating agents. 

Iron-balance studies in C apeHa monkeys 

Seven days before the administration of the drug, the animals were placed 
in metabolic cages 37 and started on a low-iron liquid diet 34 The monkeys 
were maintained on the low-iron liquid diet for the duration of the 
experiment. They were given food according to their body weight, and 
intake was very carefully monitored. 

The total amount of iron intake was compared with the total amount of 
iron excreted: net iron balance — dietary iron intake — (urinary + fecal iron 
excretion). Animals in a negative iron balance are excreting more iron than 
they are absorbing. 

Primate fecal and urine samples 

Fecal and urine samples were collected at 24-hour intervals and processed 
as given in detail in earlier publications 32 * 34,38 before analysis by flame 
atomic absorption. 

Drug preparation and administration to primates 

Deferoxamine was dissolved in sterile water at a concentration of 50 or 100 
ing/mL and given to the monkeys SC at a volume of 1 mL/kg. For animals 
receiving the drug as an IV infusion, the appropriate amount of drug 
solution was injected into a 50-mL bag of saline and was administered as a 
20-minute IV infusion. NaHBED monohydrate was put into solution with 
sterile normal saline at a concentration of 32.4 or 64.9 mg/mL (75 and 150 
funol/kg, respectively) and was given SC to the monkeys at a volume of 1 
mL/kg. For IV administration at a dose of 50 or 75 ujnol/kg, the drug was 
dissolved in distilled water and was administered as an IV push at a volume 
of 1 mL/kg. The drug for the animals dosed at 150 or 225 ujnol/kg was 
prepared as for the bolus injection, except that the appropriate dose of the 
drug solution was injected into a 50-mL bag of saline and was given as a 
20-minute IV infusion. The NaHBED solutions were sterilized by filtration 
via a 0.2-ujn pore size syringe filter. 

Calculation of iron chelator efficiency 

The efficiency of each chelator was calculated on the basis of a 1:1 
ligand-iron complex as described in previous publications. 32 * 33 

Iron overloading of beagle dogs 

Iron dextran (Iron-GardlOO, Boehringer Ingelheim Vetmedica, Kansas City, 
MO) at a concentration of 100 mg Fe/mL and a dose of 100 mg/kg 
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(1 mVkg) was administered IV in 100 mL saline over approximately 30 
minutes to young adult (10-12 months old, 8-11 kg) male beagle dogs. The 
procedure was repeated every 10 to 14 days until a total iron burden of 300 
mg/kg was reached. Once iron overloading was completed, the iron pools 
were allowed to equilibrate for at least 1 month before drug dosing began. 
The equilibration time to allow for iron redistribution for the dogs was 
shorter than for the monkeys, 30 days versus 60 days, to take account of the 
increased rate of iron excretion in the dog. 39 Previous studies in which dogs 
were iron overloaded via IV transfusion of either red blood cells or 
saccharated iron oxide and underwent tissue biopsies 1 or 4 months later 
found that there was little difference histologically between the animals 
biopsied 30 days after overload or those biopsied 4 months after overload. 40 
Although the initial rates of release from the 2 carbohydrate polymers are 
probably different, the dynamics of the iron distribution in and release from 
the storage compartments would be expected to be similar. 

Canine toxicity studies 

In one study, iron-overloaded beagles were given either isotonic saline (50 
mL, n = 2) or NaHBED (75 (imol/kg in 50 mL isotonic saline, n = 4) IV 
once daily as a 20-minute infusion for 14 days. Blood was drawn before 
drug dosing on days 1 and 8 and immediately before euthanizing the dogs 
for hematologic studies. A routine urinalysis was also carried out at this 
time. One control and 2 treated animals were euthanized on day 15 (24 
hours after drug); the remaining 3 dogs were killed 48 hours after drug 
administration. On euthanizing, the following tissues were harvested for 
histologic evaluation: liver, kidney, spleen, lung, right and left atria, right 
and left ventricles, pericardium, tongue, lymph node, urinary bladder, 
prostate, mandibular salivary gland, adrenal glands, skin, diaphragm, 
stomach, duodenum, trachea, right and left papillary muscles, gallbladder, 
thyroid, small intestine, pancreas, thymus, esophagus, testicle, thigh 
muscle, jugular vein, cecum, colon, fat, aorta, and rib. 

In another experiment, normal dogs (not iron overloaded, 1 year old, 
n = 2/group) were given NaHBED as a SC bolus at a concentration of 25% 
(wt/vol) at a dose of 75, 150, or 300 |imol/kg (32.5, 65, or 130 mg/kg) in 
distilled H2O. The volume of injection was 1 .3, 2.6, or 5.2 inL/10 kg for the 
75, 150, and 300 u.mol/kg doses, respectively. The drug was administered 
SC every other day for 14 days (7 doses); the NaHBED injection site was 
rotated between the right shoulder and left flank such that approximately 96 
hours elapsed between injections at the same site. Saline was injected on a 
similarly rotating basis between the left shoulder and right flank such that 
each dog served as its own control. Blood was drawn for hematologic and 
biochemical analyses before drug dosing began, on day 7, and immediately 
before the animal was euthanized. A routine urinalysis was also carried out 
at this time. On euthanizing, either 24 or 48 hours after drug administration, 
the same tissues as those listed above were removed for histopathologic 
analysis. In addition, skin samples from the drug injection sites and saline 
injection sites were taken for histologic evaluation. 

Assessment of local tolerability In rodents 

The general procedure was as follows. The rats (n = 4/group) were 
anesthetized with sodium pentobarbital (55 mg/kg intraperitoneally) and 
were given additional anesthetic as needed to keep the animals immobile. 
The injection sites were the flanks because there is better circulation and 
much less SC fat in the flanks than in the shoulder area. Skin sections on the 
flanks were clipped and prepped with an alcohol pad. The drug solutions 
were sterilized via filtration through a 0.2-ujn pore size syringe filter and 
administered to the rats via a 27-gauge needle. For the infusions, the needle 
was taped into place for the duration of the infusion. Two rats from each 
group were killed 48 hours after drug administration, and the remaining 2 
were euthanized 1 week after drug administration. Skin sections were 
removed, examined grossly for signs of irritation, and sent out for 
histopathologic analysis. 

In the SC bolus studies, a single injection was administered to male 
Sprague-Dawley rats (400 g, 100 \x\J animal) The rats were anesthetized, 
the skin was prepped, and a 27-gauge needle was used as above. The 
animals were divided as follows: group 1 received 100 uX isotonic saline; 
group 2 was given 100 uX 10% (wt/vol) NaHBED in distilled H 2 0; group 3 
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received 100 uX 15% (wt/vol) NaHBED in distilled H 2 0, and group 4 was 
given 100 uL 20% (wt/vol) NaHBED in distilled H 2 0. 

In the infusion experiments, the rats (400 g) received the drug as a 
5-hour SC infusion (100 uX/animal at 20 uX/h). The infusions were 
delivered using Cadd-Micro Ambulatory Infusion Pumps, model 21-5900 
(Deltec, Minneapolis, MN). The animals were anesthetized as described 
above, and the drug was infused via a 27-gauge needle taped into place. The 
control rats received saline only (100 uX) as a 5-hour SC infusion. The 
other rats received NaHBED at 10%, 15%, or 20% concentrations (wt/vol 
in distilled H 2 0) as a 5-hour SC infusion. 

Rodent blood pressure and heart rate studies 

The basic procedure has been described in an earlier publication. 41 Briefly, 
normotensive adult male Sprague-Dawley rats (400 g) were anesthetized 
with sodium pentobarbital (55 mg/kg intraperitoneally). After the neck and 
shoulder areas were prepared for surgery, an incision was made into the 
neck area. The proximal end of the carotid artery was tied off with 3-0 silk; 
the other end was clamped. Once a piece of polyethylene-50 tubing was 
inserted approximately 3 cm into the artery and tied into place, the tubing 
was skin tunneled to the shoulder area. The jugular vein was cannulated 
using a similar procedure. Both of the tubings were flushed with heparin 
(100 U/mL); a stylet was inserted. 

Approximately 24 hours after the surgery, the animals were placed into 
individual cages and were connected to the blood pressure transducer (AD 
Instruments, Milford, MA) via the carotid catheter. The blood pressure 
transducer and the MacLab Bio Amplifier were in turn connected to a Mac 
Bridge 4 (AD Instruments), a computer-controlled transducer interface. The 
data were then transmitted to the MacLab 4e data acquisition system 
powered by a Macintosh Quadra 650. The MacLab Chart program was used 
to display and analyze the data. 

After a half-hour stabilization period, 0.5 mL saline was administered as 
an IV bolus via the jugular vein catheter, and the blood pressure and heart 
rate were monitored for 5 minutes. Then, the compound of interest was 
administered IV at a dose of 300 u-inol/kg in a 0.5 -mL volume of distilled 
H 2 0 as a bolus (n = 5 for both drugs). Once the drug administration was 
completed, additional saline was given to make sure that all of the drug had 
been delivered. The blood pressure and heart rate readings were taken for 1 
hour after drug administration, during which the animals were unrestrained. 

Rats receiving the drug as a 20-minute IV infusion (n = 5 for HBED, 
n = 4 for DFO) were allowed to acclimate as above. Due to the dead space 
of the tubing, the infusion pump was allowed to run for approximately 4 
minutes before starting the timer. The drug was then given for an additional 
20 minutes and the pump was stopped; no additional saline was given as a 
flush. Blood pressure and heart rate were monitored during the infusion and 
for 1 hour thereafter. 

Statistical analysis 

Data are presented as the mean ± SEM. For comparisons of the means of 2 
groups, the 2-sample / test (without the assumption of equality of variances) 
was used for analyzing the primate and rodent data. All tests were 
one-tailed, and a significance level of P < .05 was used. 



Results 

Comparisons of chelator-induced iron excretion In Capef/a 
monkeys given SC versus IV NaHBED and those given SC 
versus IV DFO 

These studies (Table 1) were carried out in iron-overloaded (—500 
mg/kg) primates. 35 In brief, DFO was administered either SC at 
doses of 75 and 1 50 fxmol/kg or as a 20-minute IV infusion at doses 
of 75 and 150 pjnol/kg. Three methods of administration of 
NaHBED were investigated: SC bolus at doses of 75 and 150 
pmol/kg, IV bolus at doses of 50 and 75 u,mol/kg, and 20-minute 
IV infusion at doses of 1 50 and 225 jjunol/kg. 
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Table 1 . Comparison of efficiencies and net iron balance of IV and SC HBED versus those of IV and SC DFO in C apotta primates 



Drug 


Route 


Dose 
(fxmol/kg) 


Dose 
(mg/kg) 


n 


Efficiency 
(%) 


Induced Fe 

(p-g/kg) 


Fe balance 
(ng/kg)* 


DFO 


SC bolus 


75 


50 


4 


5.0 ± 2.6 


213 ± 112 


-60 ± 135 


DFOt 


SC bolus 


150 


100 


6 


5.1 ± 1.3 


435 ± 115 


-278 ± 185 


DFO 


20-min IVinf 


75 


50 


5 


5.6 ± 1.6 


237 ± 67 


-22 ± 197 


DFO 


20-minlVinf 


150 


100 


5 


3.9 ± 0.8 


332 ±66 


-168 ±51 


HBEDt 


SC bolus 


75 


32.4 


4 


14.2 ± 2.2 


597 ± 91 


-524 ± 84 


HBED§ 


SC bolus 


150 


64.9 


5 


13.6*4.5 


1139 ±383 


-899 ± 365 


HBED 


IV bolus 


50 


21.6 


5 


1Z1 ± 2.5 


338 ± 68 


-195 ± 114 


HBED 


IV bolus 


75 


32.4 


4 


11.5 ± 1.3 


482 ±54 


-407 ± 73 


HBED 


20 mln IV inf 


150 


64.9 


4 


7.7 ± 0.8 


644 ± 65 


-408 ± 77 


HBED 


20 mln IV inf 


225 


97.3 


5 


6.3 ± 1.0 


798 ± 126 


-570 ± 248 



•Net iron balance = dietary iron intake - (urinary iron + fecal iron). Animals in a negative iron balance are excreting more iron than they are absorbing. To maintain iron 
balance, 250 to 400 jig Fe/kg/day 42 = 1 750 to 2800 jig Fe/kg/week must be cleared. 
tPreviously published. 32 

^Derived from our previously published study 33 in which the monkeys were given 75 junol/kg as an SC bolus in saline on days 0, 2, and 4; the day +1 to day +2 versus day 
-3 to day 0 iron balance figures are shown. 
§Previously published. 33 



Deferoxamine administered SC at a dose of 75 jjonol/kg 
induced the excretion of 213 ± 112 p,g Fe/kg; the efficiency was 
5.0% ± 2.6%. Increasing the dose to 150 pmol/kg resulted in the 
excretion of approximately twice the amount of iron, 435 ± 115 
u,g/kg, an efficiency of 5.1% ± 1.3% (P > .4). DFO given IV at a 
dose of 75 pmol/kg induced the excretion of 237 ± 67 u,g Fe/kg 
and had an efficiency of 5.6% ± 1.6%. Increasing the dose to 150 
fLmol/kg resulted in the excretion of 332 ± 66 ftg Fe/kg and an 
efficiency of 3.9% ± 0.8% (P < .04). Interestingly, although the 
efficiency of DFO given either SC or IV at a dose of 75 fxmol/kg 
was similar, 5.0% ± 2.6% versus 5.6% ± 1.6% (P > .3), this was 
not the case when the dose was increased to 150 ^.mol/kg. DFO 
given SC at 150 p,mol/kg resulted in an iron clearing efficiency of 
5. 1% ± 1 .3%, but the same dose given as an IV infusion resulted in 
an efficiency of 3.9% ± 0.8% (P < .05). 

At a dose of 75 fAmol/kg SC, NaHBED induced the excretion of 
597 ± 91 p.g Fe/kg, an efficiency of 14.2% ± 2.2%. Doubling the 
dose to 1 50 p.mol/kg SC resulted in the excretion of almost twice as 
much iron, 1139 ± 383 ji.g/kg and an efficiency of 13.6% ± 4.5% 
(P > .3). The efficiencies of the drug administered as an IV bolus at 
doses of 50 and 75 jimol/kg were also similar, 12.1% ± 2.5% and 
11.5% ± 1.3% (P > .3), with a corresponding iron excretion of 
338 ± 68 u-g/kg and 482 ± 54 p.g/kg, respectively. Finally, the 
efficiency of NaHBED given SC at a dose of 75 p,mol/kg was 
greater than that for the same dose given as an IV bolus, 
14.2% ± 2.2% versus 11.5% ± 1.3%, respectively (P < .05). When 
given as a 20-minute IV infusion, an increase in the dose of 
NaHBED from 150 to 225 fjunol/kg resulted in the excretion of 
more iron (from 644 ± 65 to 798 ±126 (xg/kg) but a decline in 
efficiency (from 7.7% ± 0.8% to 6.3% ± 1.0%). 

Systemic toxicity of NaHBED in dogs 

Four beagles that had been iron loaded to a level of 300 mg Fe/kg 
were given an IV dose of 75 (xmol/kg NaHBED in 50 mL isotonic 
saline as a 20-minute infusion once daily for 14 days. Two 
additional dogs, also iron loaded to a level of 300 mg Fe/kg, served 
as saline-treated controls. On euthanizing, 24 or 48 hours after 
dosing and extensive histopathologic analysis, the most significant 
finding was the accumulation of hemosiderin in the macrophages 
of the liver, spleen, and lymph nodes of both test and control 
animals. There was no systemic toxicity that could be attributed to 
the NaHBED. 



A second systemic toxicity trial was carried out in dogs using 
SC administration of NaHBED. These non-iron-overloaded dogs 
(n = 2/dose) were given NaHBED at doses of 75, 150, or 300 
umol/kg. The drug was injected as an SC bolus every other day 
into 1 of 2 sites on a rotating basis such that about 96 hours elapsed 
between injections at the same site. On euthanizing, either 24 or 48 
hours after drug delivery, histopathologic analysis did not reveal 
any drug-related abnormalities beyond those in the skin. The skin at 
the sites that were injected with NaHBED did present with mild to 
significant reactions. The descriptions of the reactions ranged from 
early, focally extensive fibroplasia and mild, superficial subcutis to 
panniculitis (both lymphohistiocytic and neutrophilic), which was 
subacute and focally extensive, and moderate to severe deep 
subcutis. The descriptions of the skin from the sites injected with 
saline included early fibroplasia, which ranged from diffiise, 
moderate, and superficial to focally extensive, and deep subcutis; 
one site presented with panniculitis (both lymphohistiocytic and 
neutrophilic). 

Recall that the drug was administered to the dogs SC at a 
concentration of 25% (wt/vol) and a volume of injection of 1.3, 2.6, 
or 5.2 mL/10 kg for the 75-, 150-, and 300-jimol/kg doses, 
respectively. In addition, there did appear to be a graded response, 
with the animals receiving higher volumes having more local 
irritation than those receiving lower volumes. This observation is in 
keeping with a surface-to-volume problem, in which the surround- 
ing tissues could not supply sufficient fluid to compensate for the 
hypertonicity of the larger volumes of solution administered. The 
local irritation at the injection sites observed in the dogs was 
explored further in a rodent model. 

Studies of local irritation at NaHBED injection sites in rodents 

The results in dogs and preliminary experiments in rodents 
suggested to us that the hypertonicity of the 25% (wt/vol) solution 
used might be responsible for the local irritation observed. 
Accordingly, groups of 4 rodents were given a 100-p.L SC bolus of 
(1) isotonic saline, (2) 10% NaHBED in distilled H 2 0, (3) 15% 
NaHBED in distilled H 2 0, or (4) 20% NaHBED in distilled H 2 0. 
Animals were also administered the same volume (100 \lL) as a 
5-hour SC infusion (ie, at a rate of 20 yUh). These groups (n = 4) 
were given (1) isotonic saline, (2) 10% NaHBED in distilled H 2 0, 
(3) 15% NaHBED in distilled H 2 0, or (4) 20% NaHBED in 
distilled H 2 0. Note that a 300-g rat receiving 100 uX of the drug 
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Figure 2. DFO by IV bolus. The effect of IV bolus administration of DFO (300 
^mot/kg) on the blood pressure (A, mm Hg) and heart rate (B. beats/min) is shown for 
normotensive rats (n = 5). For panel A, P < .001 for / = 5.5 to 1 5 minutes; P < .005 
for t = 25 minutes. For panel B, P < .001 for f = 5.5 to 35 minutes. 

solution would be receiving a volume of drug solution roughly 
comparable to administration of 20 mL of the drug solution to a 
60-kg person. Again, 2 animals from each group were killed 48 
hours after dosing and 2 more 7 days after dosing. The histopatho- 
logic descriptors for both bolus and infusion saline controls at 48 
hours and 7 days included endothelial hypertrophy, minimal 
inflammation, scattered mast cells, and subcutis. With the excep- 
tion of the rats treated with 20% NaHBED as a SC bolus, in which 
mild panniculitis was noted in one each of the rodents killed 48 
hours or 1 week after dosing, all of the test animals presented with 
essentially the same histopathology as the control animals. There- 
fore, we have demonstrated that it is possible to prevent NaHBED- 
related irritation by either giving the drug as a slow SC infusion or 
as a SC bolus at concentrations of 15% wt/vol or less. 

Impact of NaHBED and DFO on blood pressure and 
heart rate in rodents 

Owing to the profound impact that DFO administered IV can have 
on blood pressure and cardiac function, 26 the manufacturer recom- 
mends that the drug be given by this route at doses not to exceed 1 5 
mg/kg per hour (22 jimol/kg per hour), even under circumstances 
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of cardiovascular collapse from acute iron toxicity. On consider- 
ation of this, we elected to compare the impact of DFO and 
NaHBED administered IV on blood pressure and heart rate in 
normotensive rodents. The chelators were administered at a dose of 
300 fjimol/kg in a 0.5-mL volume either by IV bolus (n = 5 for both 
drugs) or by IV infusion over a 20-minute period (n = 5 for 
NaHBED, n = 4 for DFO). 

When rodents were given 300 u.mol/kg DFO as an IV bolus, 
there was a 25% decrease in blood pressure that did not return to 
baseline levels until 35 minutes after drug delivery (P < .001 for 
/= 5.5 to 15 minutes andP < .005 for / = 25 minutes, Figure 2A). 
The heart rate in these animals also increased by 16% and likewise 
did not return to pre drug levels until more than 35 minutes after 
dosing (P < .001 for / = 5.5 to 35 minutes, Figure 2B). When DFO 
was administered at 300 jxmoVkg as a 20-minute IV infusion, no 
effect on either blood pressure or heart rate (Figure 3) was 
recorded. In contrast, there was no effect on either blood pressure 
or heart rate in rats given the same dose of NaHBED as an IV bolus 
(Figure 4) or as a 20-minute IV infusion (Figure 5). The lack of an 
effect of NaHBED administered IV on either blood pressure or 
heart rate makes NaHBED an attractive therapeutic for the 
treatment of acute iron poisoning. 
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Figure 3. DFO by IV infusion. The effect of IV infusion administration of DFO (300 
fimol/kg, 0.5 mL over 20 minutes) on the blood pressure (A, mm Hg) and heart rate 
(B, beats/min) is shown for normotensive rats (n = 4). 
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Figure 4. NaHBED by IV bolus. The effect of IV bolus administration of NaHBED 
(300 pmol/kg) on the blood pressure (A, mm Hg) and heart rate (B, beats/min) is 
shown for normotensive rats (n = 5). 



Discussion 

We have continued the preclinical evaluation of the efficacy and 
safety of NaHBED for the treatment of both chronic transfusional 
iron overload and of acute iron poisoning with a series of studies in 
monkeys, rodents, and dogs. First, we extended our previous 
investigation of the effect of HBED given SC on iron excretion in 
the iron-loaded C apella monkey with comparative studies of 
NaHBED and DFO after SC and IV administration. To provide a 
quantitative frame of reference, most patients who are dependent 
on transfusions receive about 200 to 300 mL blood/kg body weight 
per year, an amount corresponding to about 250 to 400 u,g Fe/kg 
body weight per day. 42 Clinically, the recommended dose of DFO 
for the treatment of transfusional iron overload is 75 u.mol/kg (50 
mg DFO/kg) or less; doses more than 150 jimol/kg (100 mg 
DFO/kg) are used only in exceptional circumstances because of the 
increased risk of neurotoxicity and other adverse effects. 

As detailed in Table 1, we compared NaHBED and DFO when 
equimolar amounts were given as a SC bolus injection or as a 
20-minute IV infusion and calculated the efficiency of iron 
chelation, which is expressed as a percent. The observed iron 
excretion with DFO in the primates after SC injection at doses of 75 
and 150 u,mol/kg is consistent with the established ability of DFO 
to control body iron in patients with transfusional iron overload. 



With SC bolus injection, the efficiency of iron chelation with DFO 
remained about the same at both doses, approximately 5%. By 
comparison, the observed iron excretion with NaHBED after SC 
injection at doses of 75 and 150 pmol/kg was almost 3-fold greater 
than that seen with an injection of SC DFO. The efficiency of iron 
chelation with SC injection of NaHBED also remained approxi- 
mately constant at both doses, about 14%. 

When DFO was given as a 20-minute IV infusion at a dose of 75 
umol/kg, the efficiency of chelation, 5.6% ± 1.6%, was about the 
same as that found with SC injection at the same dose. At the higher 
dose of 150 ujnol DFO/kg, more iron was excreted, but the 
efficiency of chelation fell to 3.9% ± 0.8% (P < .04). This nonlin- 
ear dose response, also observed in patients treated with escalating 
IV doses of DFO, 43 suggests that the chelatable iron pool accessible 
to DFO with this mode of administration is limited. For compari- 
son, at the equimolar dose of 150 p.mol/kg also given as a 
20-minute IV infusion, the efficiency of NaHBED, 7.7% ± 0.8%, 
was almost twice that of DFO (P < .001). Nonetheless, the brief IV 
infusion of 1 50 fimol NaHBED/kg was only about half as efficient 
as the same dose of NaHBED administered SC, presumably 
because of the longer duration of action for this dose provided by 
the SC route. With a still higher dose of 225 prnol NaHBED/kg, 
efficiency fell further, to 6.3% ± 1.0% (P < .01 versus the 150 
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Figure 5. NaHBED by IV Infusion. The effect of IV infusion administration of 
NaHBED (300 fimol/kg) on the blood pressure (A mm Hg) and heart rate (B, 
beats/min) is shown for normotensive rats (n = 5). 
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p-mol/kg SC dose). Moreover, at the lower dose of 75 jimol 
NaHBED/kg, given as an IV bolus, the observed efficiency of 
chelation, 11.5% ± 1.3%, was slightly lower than that of the same 
dose of NaHBED given SC, 14.2% ± 2.2% (P < .05). Neverthe- 
less, these results suggest that, at the doses of NaHBED likely to be 
used clinically, 75 jimol/kg or less, the iron excretion with bolus 
administration by either the SC or IV route will be well within the 
range of 250 to 400 fig Fe/kg necessary to maintain iron balance 
and will be 2- to 3-fold greater than that observed with equimolar 
doses of SC DFO. 

We next examined the safety of NaHBED, administered by 
20-minute IV infusion at a dose of 75 fjumol/kg daily to iron-loaded 
beagle dogs, and by SC bolus at doses of 75, 150, or 300 umol/kg 
as a 25% (wt/vol) solution every other day to beagle dogs without 
iron overload. No evidence of systemic toxicity was found in either 
study. In the study of SC administration, more local irritation was 
found at injection sites with the hypertonic solutions of NaHBED 
than at those sites with isotonic saline. To determine the source of 
the irritation at injection sites, we carried out a series of experi- 
ments with male Sprague-Dawley rats. In brief, these studies 
indicated that the tonicity of the solution injected was the factor 
producing irritation at the injection sites. Irritation could be 
avoided by using volumes comparable to those that would be used 
clinically and by using less hypertonic solutions 15% [wt/vol]). 

Finally, because treatment of acute iron poisoning may require 
rapid chelator infusion, we compared the effects of IV administra- 
tion of NaHBED or DFO on the blood pressure and heart rate of 
normotensive Sprague-Dawley rats. Iron salts remain the leading 
cause of death from accidental poisoning in children in the United 
States. Although toxicity associated with the ingestion of less than 
20 mg/kg elemental iron is generally self-limiting, intake of 20 to 
60 mg/kg elemental iron may result in mild to moderate toxicity; 
the consumption of more than 60 mg/kg elemental iron is 
potentially life-threatening. 44 Owing to the profound impact that IV 
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DFO can have on blood pressure and cardiac function, 26 the 
manufacturer recommends that the drug be given by this route to 
these patients at doses not to exceed 15 mg/kg per hour (22 
ujnol/kg per hour). In addition, IV DFO should be given only under 
circumstances of cardiovascular collapse, and even then at doses 
not to exceed 15 mg/kg per hour for the first 1000 mg. Subsequent 
IV administration, if needed, must be at a slower rate not to exceed 
125 mg/hour. Our results suggest that IV infusion of NaHBED for 
the treatment of acute iron poisoning will not be subject to these 
restrictions. In our studies, rapid IV infusion of DFO to normoten- 
sive rats promptly produced a substantial, prolonged drop in blood 
pressure and acceleration in heart rate. By contrast, NaHBED had 
no significant effect. NaHBED could thus potentially be adminis- 
tered much more rapidly and in greater amounts than DFO in the 
treatment of acute iron poisoning. 

Our results have provided additional evidence for the safety and 
tolerability of NaHBED when administered either in the manner 
that would be used chronically, for the treatment of iron overload, 
or acutely, for the treatment of iron poisoning. Comparative studies 
of iron excretion in the iron-loaded C apella monkey have found 
that NaHBED is 2 to 3 times more efficient as an iron chelator than 
DFO after either SC or IV administration. Overall, these results 
indicate the need for prompt completion of the preclinical evalua- 
tion of parenteral NaHBED in preparation for studies of iron 
balance in human volunteers. NaHBED may provide an alternative 
to DFO for the treatment of both chronic transfusional iron 
overload and of acute iron poisoning. 
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I. INTRODUCTION 

Iron-containing products remain a continuing toxicologic hazard to children. In the 1987 
report of the American Association of Poison Control Centers' National Data Collection 
System, 1 17, 145 cases of acute iron ingestion had been reported to 63 participating regional 
poison centers involved in data collection. Data gathered by die statewide Arizona Poison 
Control System 3 * show ferrous sulfate tablets and vitamins containing iron remain among 
the top ttm substances ingested by children younger than 5 years of age. Widespread avail- 
ability, the large number of tablets prescribed, a failure of parents and the general public 
to recognize the potential lethality of iron intoxication, and the failure of safety closures 
have all been suggested as contributors to the continuing risk of accidental ingestion of these 
products. 2 Despite the frequency of iron intoxication and the many articles suggesting various 
therapies for iron intoxication, the management and determination of severity during acute 
iron poisoning remains, for clinicians, an area of confusion and much controversy, 

II. TOXIC EFFECTS OF IRON 

the pathophysiology of iron intoxication was initially described by Covey in 1954. 3 
The clinical features of this condition can be characterized by five stages: 

1 . Gastrointestinal (Gl) toxicity, 

2. Apparent improvement and stability 

3. Circulatory shock 

4. Hepatic necrosis 

5. Gastric scarring 

The time course, severity, and when these stages occur are related to the amount of iron 
ingested and the response to ongoing treatment. 

A. GASTROINTESTINAL TOXICITY 

The first obvious signs of toxicity in acute iron ingestions are gastrointestinal. These 
effects include vomiting, rapid onset of diarrhea, colicky abdominal pain, and Gl hemor- 
rhage. The mechanism of this toxicity is not clearly defined. Symptoms may appear as early 
as 30 min, but are usually present within 6 h following ingestion. In the routine absorption 
of dietary iron, the transport of ferrous sulfate involves a complex energy-dependent transport 
system. This saturable, carrier-mediated uptake process is dependent upon binding of iron 
in the lumen of the Gl tract and is the rate-limiting step for iron absorption. Toxic amounts 
of iron in solution are rapidly absorbed in the large and small bowel in a concentration- 
dependent fashion, suggesting that a saturable transport system is not involved at high 
concentrations. Thus, in the acute overdose situation, it is presumed that the normal mech- 
anisms of absorption have been exceeded and that absorption is a passive, first-order process. 

Iron acutely and directly damages the Gl tract. Histologically, the gastric and small 
intestinal mucosa appear to bear the burden of damage. Deposition of iron can be demon- 
strated in mucosal collagen and basement membranes and in cell nuclei and tissues of the 
vascular supply to the small bowel. Coagulative necrosis with platelet aggregation is observed 
at these sites, in many ways, there are stiking similarities in the amount and extent of damage 
that take place in the Gl tract when acute iron and corrosive ingestion are compared. In the 
absence of frank hemorrhage, the Gl effects of iron may lead to systemic hypovolemia by 
causing "third spacing" of fluid into the small bowel. 4 

1. Apparent Improvement and Stability 

Given the acute effects of iron on the Gl tract and the rapid loss of fluid volume, it 



seems unlikely that severe iron intoxication could be associated with an ah*™* «r u • 
symptoms. Tins poorly described second stage of hx* poi^t^f^^Z 
h after the ingestion, lasting as long as 48 h. Poor tissue MffiJLT ^1^1^ 10 4 
(secondary to acidosis), oliguria, and connnnedGi hyperventilation 
of a severe ingestion, to cafeTofmiid 2"** 
therapy given daring the quiescent period. K^^^^f^*^ *>PPortive 
patients, clinica, status will worsen and the •JSSStK.'ES 

B. CIRCULATORY SHOCK 

The third stage of iron poisoning is characterized bv acute rimu,^. .u ,- ^ 
mechanisms of shock in iron poisoning are mM^JL?ZJ^!^ Sh0Ck : 1,16 
direetedatc^rre^^ "»-t be 

and hypoperfusion, leading to shock. In animal mSl^S^S^TT^ 
consistent factors have been found. Following the acT^insL^^ 
ferrous sulfate, there is a dramatic decrease m *cJZfiZ5££ t 
mcreases ,n die hematocrit. Cardiac output is lowered on the toi E?d£2 Si 
pressure. In addition to fluid losses, this decrease in effective f.iUn« «™1 WCreu * ed mim 8 

inhibitory effects of iron on complex oxidative metabolism at the cellular 1 , 
result in increasing lactic acid concentrations' Low cZ ^ L^ 

cS , ::„ouTp^ c s a,,d cxtremeiy pa,e condition - wi * cow — i- - 

The coagulopathy and resultant bleeding associated with iron intoxication may contribute 
to hypovotenua. The basis for this abnormality is probably secondary « ^SSSmZ 
in^avascular damage. Free iron in the circulation inhibits the iJ^JSSSS^ 

proauce thrombin in the presence of high concentrations of iron ■ • 

mtratalc^^ ^ *«"-«• *««o* of 

b^m^r^^^^ !1 , bcforc the efrecte of nypoperf^on *»« ischemia to tissue 
^enTaT 2 HTl "^i* 0 " 6f *• ^asculiu volume status 3 

Z£ZZ\™!r * T"? /° r GI *M ternary disturbances of coagulation 

tor tachycardia, poor perfusion of skin, oliguria, and acidosis, early intervention can be 
undertaken to reverse the progression of the adverse circulatory effects. 

C. HEPATIC NECROSIS 

During stage four, symptoms and findings are related to acute hepatic injury The liver 

"7 ^ * ,,cu, ™ d <^ W of the liver and spleen and it exerts a unk- IffZ 
on the mitochondria of the liver cell. Fatty degeneration nltochromlrial and po rtal inturiS 

%&S£" ,n ** Uver Fortunatdy ' is " *** 

I>. GASTRIC SCARRING 

^°!i 0 tl S * ac " te ,? om>sive in** to the GI tract, the healing process may result in 
areas of stenosis and stricture forrnanon in both the stomach outlet andAe small bwd 

ttZSS&JZ ™ ey ^ *™» - - *^>« 
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FIGURE I. Steps to mjawgement of acute iron poisoning, (From Banner, W. and Yorig, T. O., Pediatr. Ciin. 
North Am.. 3. 402. 1986. With permission.) 

111. APPROACHES TO MANAGEMENT 

the large number of exposures to iron-containing products and the relatively infrequent 
mortality suggest that a wide range of severity exists in acute iron intoxication. Some 
guidelines must be used to assure the appropriate triage of the iron-intoxicated patient to 
j provide an appropriate level of intervention. In addition, the appropriate use of laboratory 

tests and X-ray studies is demanded by restraints on treatment and hospitalization costs. The 
challenge involved with the management of iron poisoning is to recognize the severity of 
the occasion and to intervene by providing chelation therapy and supportive care in situations 
wherever indicated. 

A. TRIAGE 

Attempting to base protocols for triage on a single factor, such as the ingested dose, 
overlooks the complexities of human poisoning. A multifactorial approach to iron intoxication 
that includes the maxima] estimated dose, the clinical status of the patient, and the serum 
iron level determination should be attempted. Figure 1 presents an algorithm for an approach 
to the triage of the iron-intoxicated patient. 

Whenever calculating milligrams per kilogram doses of iron, it should be kept in mind 
that the elemental iron per dosage unit is only a small fraction of the total milligram weight 
of a capsule or tablet. Table 1 shows the amount of the elemental iron for a number of 
popular iron-containing products. Our approach is to always take into account the worst 
possible case whenever the milligrams per kilogram per dose is used to assess severity. 
When considering the number of possible tablets ingested, estimates of how full the bottle 
was or number of tablets previously used may yield misleading results. In general. We 
assume that the maximal number of tablets missing from a bottle is the amount that the 

■ft- 
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TABLE 1 

Iron Content of Common Iron-Containing Products 



Product 

Ferrous sulfate. 325 mg 
Ferrous gluconate. 325 mg 
Ferrous fumarate, 325 rag 
Ferrous rumaratc, 200 mg 
Chocks* plus iron 

Chocks Bugs Bunny* plus iron 

Peosol® elixir (sulfate) 

Fergon* elixir (gluconate) 

Fer-In-So!* capsules (sulfate) 

Fer-ln-Soi* drops 

Fer-rn-Sol* syrup 

Filibon* capsules (ftimarate) 

Flinstones plus iron 

Monster vitamins with iron (fumarate) 

Natabec (sulfate) 

Nalalins* Rx (fumarate) 

Natalins* (fumarate) 

One A Day* plus iron 
One A Day* plus minerals 
Poly-Vi-Flor* drops with iron (sulfate) 

Pbly-Vi-So|* drops with iron (sulfate) 
Poly-Vi-FIor* tablets with iron (fumarate) 
Poiy-Vi-Sol* tablets with iron (fiimarate) 
Spjder-man* vitamins with iron 
Stuart formula tablets (fumarate) 
Stuartinic* tablets (fumarate) 
Theragram M* tablets (carbonate) 
Tri-Vi-Sol* drops with iron (sulfate) 
Unicap M* plus iron (sulfate) 
Unkap Pms boo* (sulfate) 



Total elemental Iron 
per dosage unit 
(mg/tablef) 

65 mg . 

40 mg ' 
105 mg 

66 mg 
16 mg 
18 mg 

44 mg/5 ml 
35 mg/5 ml 
60 mg . 

15 mg/0.6 ml 
18 mg/5 ml 
30 mg 

16 mg 
12 mg 
30 mg 
60 mg 

45 mg 
18 mg 
18 mg 

10 tng/ml 

10 mg/ml 

12 mg 

12 rng 

18 mg 
60 mg 

100 mg 
12 mg 
10 mg/ml 
10 mg 
18 mg 
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child has ingested. Determination of the estimated dose taken is the fi™, «.«. ;« ,k. , • 
g» -intoxication. In those mges.ioos in whichlfLt" ZE^V^Z 

t!' in ine LKy to w-mg/kg range, we intervene by advising thcu&anf *vnm *r 
^andjfo,lowM,ptb^ 

and hmit the contact tune of the iron in the GI mucosa. A conservative estoS3w 

l^ f «J* these milligrams per kilogram amounts taken are intended only for use 
ZS' T m yOUagCf Aan 5 veare of wto -cutely inge^ aTu^o wn 

"* ^* 0Verd0S€S **« * viewed a. »d £2J 
urnnedmte medical referral regardless of the estimated dose taken. In addition. inTuryTto 
GI trac from large amounts of iron ingested by the older child or adult mTy ZZ tTn 

t ^ " ° f is not be in the HS^ ' 

The clinical status of the patient is an important indicator of whether them is a need to 
^^ ana^ in in>„ poisoning. In situations in S a^S 
symptoms, pamcularly wift early G i symptoin8( such „ spontaneous J££%£ 
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pain, and diarrhea, referral to a treatment facility is appropriate even if the estimated amount 
taken is low. I n cases where lethargy, hypotonia, hypoperfusion, tachypnea, and tachycardia 
are seen, immediate chelation therapy is indicated regardless of the amount of iron reportedly 
ingested. J 

The serum iron level is another major determinant in the decision to institute aggressive 
therapy in cases of iron intoxication. The utility of serum iron determinations has been a 
source of controversy for many years. Critical to an understanding of the use of serum iron 
concentrations is an appreciation of the role of the total iron-binding capacity (TIBC). The 
iron-binding proteins in senim are regulated physiologically, but generally allow 200 to 300 
u,g/d) or iron-binding capacity. In theory, iron toxicity is more likely to occur when the 
serum iron concentration exceeds the ability of plasma proteins to bind it. In practice, 
however, the correlation between toxicity and iron-binding capacity appears to be relatively 
poor. The iron-binding capacity primarily measures a high-affinity binding site. Lower 
binding affinities may be present, as well as rapid transfer to iron-binding sites in liver and 
tissue that can remove free iron from the circulation. Occasionally, unusual results of TIBC 
may occur. Thus, the use of TIBC may occasionally be unreliable in severe iron intoxication. 

It is also important to consider the impact of timing on the collection of serum iron 
concentrations. Because iron undergoes multicompartment kinetics with a fairly rapid dis- 
tribution phase followed by an extremely long terminal elimination phase, dramatic chagnes 
in serum concentration may occur within the first few hours following ingestion. In addition 
variable disintegration time of the tablets and capsules may also alter serum iron concen- 
tration^time relationships. Because of these factors, we have generally tired to measure serum 
iron concentrations between 4 and 6 h postingestion. During this time, the majority of oral 
iron preparations will have solubilized and serum iron will not yet have undergone complete 
distribution into tissue. 

Iron concentrations in excess of 1000 jig/dl are associated with a dramatic increase in 
morbidity. 10 In addition, an unacceptable risk of shock is present (20%) when serum iron 
concentrations exceed 500 jig/dl. Thus, there is very little argument that a serum iron 
concentration greater than 500 jxg/dl strbngly supports the need for aggressive therapy. 

Serurh iron concentrations that fall between 300 and 500 wg/dl are often the greatest 
source of confusion. Our recommendations for patients with serum iron determinations in 
this range have been to begin chelation therapy if the iron concentration exceeds the TIBC 
(when available) or if the patient is experiencing any of the signs and symptoms of iron 
toxicity. The white blood cell count and serum glucose may be used as further indicators 
of systemic toxicity . 1 ■ An abdominal radiograph should also be obtained in order to determine 
whether a large mass of tablets remains to be absorbed. Solid dosage forms of iron are 
sometimes evident on X-ray 6 to fl h following their ingestion. As dissolution of tablets and 
capsules containing iron takes place, discrete forms may not be easily discerned; amorphorous 
densities may appear instead. Solutions and suspensions at high concentrations of iron, 
however, may be visualized. 

It should be obvious that no single laboratory value or single historical or physical 
ling should be used as evidence to withhold therapy. Even when there are "normal-* 
seriim iron concentrations, it is reasonable to initiate chelation therapy in patients who are 
manifesting major clinical signs of toxicity. A negative X-ray examination does not alone 
rule out the possibility of severe poisoning from disintegrated iron tablets. By taking the 
approach of using the estimated total body burden of elemental irbn, clinical signs and 
symptoms, and the serum iron comieatratioh, a more rational approach to the initiation of 
chelation therapy can be undertaken. 

B. DECONTAMINATION 

the use of syrup of ipecac and gastric lavage in clinical toxicology situations is usually 
a relatively straightforward discussion. For iron intoxication, however. Acre is some con- 
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troversy and confusion on this issue. Based on our own case experiences, we offer the 
following recommendations: 

1 . Basic gastric decontamination procedures should be undertaken with as little delay as 
possible. The use of syrup of ipecac as an immediate measure in the home or during 
transportation to a treatment facility is a reasonable approach in the awake and alert 
child. It may be desirable to additionally lavage a child once the hospital or other 
medical setting has been reached, especially if the quantity of ingested iron is reportedly 
large. Any tune delay in the initiation of decontamination procedures to await specific 
chelating or complexing agents is unacceptable. 



2. 



3. 



The use of complexing or chelating agents is unnecessary in the initiation of gastric 
lavage, because it is primarily a mechanical procedure to remove substances from the 



stomach. 

Complexation with phosphate solution should be avoided. 

T*V. ~ ... £ , . » i . • < . * ' 



4. The use of conventional antacid preparations or 5% sodium bicarbonate may be useful 
in complexing iron and decreasing the corrosive effects of stomach acid upon a denuded 
gastric mucosa. 

5. There are not data to support the use of intragastric deferoxamine, and we have chosen 
to avoid this approach. 

6. Activated charcoal is not effective for complexing residual iron in the gastrointestinal 
tract. 



Following gastric decontamination, abdominal radiography may be useful to identify 
large masses of iron still intact in the GI tract, the finding of multiple or amorphous densities 
in the stomach requires that additional attempts at removal be undertaken. Only in rare 
circumstances in which a large number of densities are apparent and attempts at alternate 
decontamination have failed would surgical removal be indicated. If surgical intervention 
is contemplated, radiography immediately prior to operation is mandated to ensure that 
tablets or capsules have remained in one location. 

1. Laboratory Evaluation 

Laboratory evaluation in acute iron intoxication should be directed toward those teste 
that will aid in the diagnosis and delivering of supportive care. Once the initial serum iron 
has been determined to be in the toxic range, there is little value to continued determinations 
of the serum iron or TIBC. In many institutions, the TIBC cannot be determined on an 
immediate basis; therefore, it becomes of relatively little value in monitoring therapy. In 
cases of severe GI toxicity due to iron, it is wise to obtain a hematocrit and crossmatch 
for blood products if hemorrhage occurs. Additional baseline laboratory tests may include 
a white blood cell count and serum glucose determination to assess the level of acuity of 
the patient. An arterial blood gas or bicarbonate determination is important in monitoring 
the development of metabolic acidosis. Serum calcium and coagulation studies are also 
useful in severe intoxications; these may become abnormal. Determination of serum elec- 
trolytes is useful in the overall fluid management of the patient, there is little value in 
obtaining indicators of hepatic function early in the course of iron intoxication; however, it 
is reasonable to obtain transaminase determinations after the first 24 h to assess whether or 
not hepatic damage has occurred. 

C. CHELATION THERAPY 

iWeroxamine should be initiated intravenously by continuous infusion in all cases of 
senous iron poisoning. We recommend a slow continuous intravenous infusion of defer- 
oxamine (deferoxamine should never be given rapidly), starting with a dose of 15 mg/kg/ 
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h. Some anchors recommend decreasing the rate to 6 mg/kg/h after the first 4 to 5 h of 
chelation therapy. Chelation therapy at IS mg/kg/h should be continued while evidence of 
the iron-deferoxamine complex in the urine is seen. 11 A major exception to the use of 
intravenous deferoxamine is when prolonged interhospital transport time is involved. If close 
monitoring of intravenous infusions is not possible, it may be more judicious to give de- 
feroxamine by the intramuscular route. Intramuscular administration of deferoxamine is 
painful and often responsible for local reactions at the injection site. Adverse effects of 
deferoxamine therapy include hypotension and tachycardia following too-rapid infusion; 
urticaria and erythema have also been noted. 

The decision to discontinue chelation therapy should be made on the basis of several 
parameters. Traditionally, a change in urine color from normal to "vin rose" has been 
interpreted as an indication for continued chelation therapy. Observation in which a high 
concentration of chelated iron was present in urine without changes in color has been 
reported. 13 Thus, in a situation in which the semm iron concentration is well above 500 p.g/ 
dl and no change in Urine color is observed, it is reasonable to continue chelation therapy 
until the serum iron has fallen to less than 300 u.g/dl. In those patients with senim iron 
concentrations in the 300 to 500 u,g/dl range and even when the T1BC is exceeded, frequently 
lib change in urine color will occur during chelation. In most patients in whom the traditional 
•'vin rose" color does occur, it is suggested that chelation therapy continue until a normal 
uririe output of normally colored urine occurs. When the urine color has cleared, continuing 
chelation for an additional 24 h or stopping it immediatiey have both been suggested. This 
decision should be based on the assessment of severity. 

IX SUiPPOkTlVE CARE 

Supportive care is the singular and most important mode of management of the iron- 
intoxicated patient. Initial attempts should be made to minimize the impact of iron tablets 
on the GI tract and to monitor for the presence of GI hetnonhage. With the fluid loss in 
the GI tract and the generalised loss of capillary integrity in the body, the most important 
factor in supportive care is to sustain the intravascular volume. Elevation of the hematocrit 
in iron intoxication is an important indicator of fluid volume loss and should be dealt with 
aggressively. Monitoring of urine output, heart rate, and assessment of tissue perfusion along 
with measurement of the central venous pressure should guide fluid therapy. Large fluid 
volumes may be needed during the first 24 h of management in order to avoid the risks of 
hypovolemic shock, in addition, correction of acidosis and hypocalcemia and monitoring 
of serum electrolytes are important in the management of iron intoxication. 

E. OTHER RESOURCES 

Chelation of iron with deferoxamine is a relatively ineffective way of binding large 
amounts of iron. The amount of iron removed from the body during chelation is a relatively 
small percentage of the total body burden of iron. Recommendation that deferoxamine be 
given until either a maximum 24-h dose of 6 g or 240 trig/kg is reached is not supported 
well with curient data. As 1 g of deferoxamine chelates only 85 nig elemental iron, this 
raaximiim dose recommendatioh may be insufficient to neutralize the iron taken in large 
overdoses. When senim iron concentrations are markedly elevated, some have suggested 
the use of exchange transfiision. 14 from a toxicoKnetic standpoint, if iron has remained in 
the intravascular compartment as evidenced by serum concentrations greater than 5000 jig/ 
dl. there may be some advantages to exchange transfusion under these rare circumstances. 
There are no data to suggest that the routine management of acute iron intoxication requires 
this kind of jntervention. Hemodialysis may effectively remove the complex of deferoxamine 
Md iron, but is considered to be a less efficient method for removal than is glomerular 
filtration. Hemodialysis is rarely suggested unless renal failure has occurred The vist 



majority of iron intoxications will respond to standard intravenous chelation plus eood 
supportive measures and will unlikely require more aggressive therapy. 

IV. CONTROVERSIES IN THE MANAGEMENT OF IRON 

INTOXICATION 

As with many toxicologic issues, the inability to perform well-controlled prospective 
studies has led to a great deal of confusion and controversy in the management TZLn- 
intoxicated patient. Conflicting suggestions and lack of consensus on management provide 
a conttmnng source of difficulty for the clinician. Recognizing that this area is controversial 
the clinician must use his or her judgment in deciding the most rational course for an individual 
patient It is important to recognize that some procedures such as gastrotomy, although not 
useful for the vast majority of patients, might be beneficial in a minority of patients Toe 
role of the clinician remains to balance the risks and benefits for his or her patient. 

A. INTRAGASTRIC COMPLEXATION 

The use of intragastric complexation in iron intoxication is one ongoing controversv 
Sodium bicarbonate and phosphate solution have been suggested to promote the formation 
of insoluble iron complexes." " Studies have demonstrated that phosphate can decrease iron 
absorpuon m normal human subjects, but fail to address the same issue in iron intoxication 
Sodium bicarbonate and sodium phosphate will form relatively waters nsoluble iron com- 
plexes m the stomach when given orally. - These complexes are labile, and a subsequent 
decrease in pH into the normal range of gastric fluid can allow iron to again become soluble 
There seems to be little advantage in using either of these solutions during the mechanical 
lavage of die stomach. When normal saline is introduced into the stomach, it is hardly 
relevant whether the material to be removed by lavage is in a soluble or insoluble form 
The more important question is whether the residual iron that is not effectively removed bv 
lavage or eniesis can be maintained in ah insoluble state for a prolonged period of time, 
thus making it less absorbable. Sodium bicarbonate administered in sufficient quantities to 
mamtam the GI environment in the desired P H range would require repeated doses, which 
may result in rises in serum sodium. In the case of phosphate-containing solutions the 
amount of phosphate absorbed from the use of this as a lavage solution during iron intoxication 
has been shown to be hazardous." " Hypocalcemia, hyperphosphatemia, severe acidosis, 
and hyponatremia have occurred as a consequence of repeated and indiscriminate use of 
phosphate solutions. Several clinicians have advocated the use of magnesium hydroxide or 
Milk of Magnesia® to decrease the solubility of iron." Clinical trials on the effectiveness 
of magnesium hydroxide in humans are still needed. With an iron-damaged stomach it 
seems reasonable to protect the stomach and upper duodenum from further damage from 
stomach acids To this end. the administration of conventional antacid preparations with 
tow bioavailability for their buffering ions seems to present a useful tod safe alferntive to 
die previously recommended therapies. To avoid iatrogenic complications, however, it should 
be remembered that magnesium-containing antacids may lead to increases in serum mag- 
nesium if renal function is impaired. 

The use of deferoxamine as an intragastric chelating agent has received a great deal of 
discussion in the literature. The relevant considerations in intragastric chelation of iron with 
deferoxamine include: 

1 . Does complexation decreare the absorption of iron? 

2. Does intragastric complexation decrease (he toxicity of iron following absorption? 
k ,he mlra « astnc administration of deferoxamine associated with any adverse effects? 



Unfortunately, very few studies have been designed to directly address these questions. 
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Studies addressing the question of bioavailability of the iron-deferoxamine complex have 
failed to provide useful information for the management of iron intoxication. When defer- 
oxamine is used orally in chronic iron overload states, the bioavailability of iron is de- 
creased. 2021 However, in animal studies of acute iron overdose, the iron-deferoxamine 
complex is absorbed. 22 

The question whether iron absorbed as the iron-deferoxamine complex is less toxic than 
iron absorbed alone and subsequently chelated with intravenous deferoxamine is more dif- 
ficult to answer. It has been postulated that iron when absorbed as the complex may be less 
toxic because of its lower volume of distribution. 23 Under these conditions, distribution into 
cells and thus effects on the mitochondria could be avoided. 

The potential adverse effect of intragastric deferoxamine is that it might somehow 
increase the rate of dissolution or increase the rate of absorption associated with acute iron 
ingestions. Evidence for this possibility comes from studies which show the biochemical 
parameters of iron toxicity associated with combined therapy of intravenous and oral de- 
feroxamine appeared to progress more rapidly than those associated with intravenous de- 
feroxamine alone. 22 Other investigators have found that concentrations of iron in the liver 
were increased in the presence of deferoxamine in the GI tract. 24 

As in the case of sodium bicarbonate, it seems irrelevant which fluid is used for me- 
chanically washing out the stomach. Thus, it would appear to be an expensive approach to 
use deferoxamine merely as a lavage fluid. In addition to cost, only a limited supply of 
deferoxamine is usually available to the clinician in many raral practice settings. 

B. ADMINISTRATION OF DEFEROXAMINE 

The administration of deferoxamine as an intramuscular preparation is open to much 
discussion. Intramuscular or subcutaneous use of deferoxamine has been advocated for 
patients with chronic iron overload, such as those receiving repeated blood transfusions. 
Adverse effects noted with the use erf 1 deferoxamine by either the intramuscular or intravenous 
route are few. 23 The most stiking difference between intravenous and intramuscular defer- 
oxamine is the effect of a rapid bolus of intravenous deferoxamine on blood pressure. This 
acute hypotension produced is most likely caused by the release of endogenous histamine. 26 

In cases of severe iron intoxication, it is difficult to recommend intramuscular medi- 
cations when poor tissue perfusion is a primary complication early in the intoxication. 
Deferoxamine used as a continuous intravenous iniusion at 15 mg/kg/h has been demon- 
strated to be safe and not associated with hypotension. One difficulty with current recom- 
mendations for the use of intravenous deferoxamine is the lack of agreement on maximal 
infusion rates. 12 Some have suggested initiating therapy with an infusion of 15 mg/kg/h and 
then decreasing this rate of infusion to 6 mg/kg/h after stabilization. The intravenous access 
can also be used conveniently to provide volume expansion should it be necessary as is 
often the case in severe iron intoxication. 27 

Deferoxamine administration in iron overdose may be accompanied by an increased risk 
for developing Yersinia enierocolitica septicemia. Case reports of this unusual infection 
postulate that deferoxamine, a siderophore, is acting as a growth factor in vitro, enhancing 
the virulence of the pathogen." 

C. GASTROTOMY FOR TABLET REMOVAL 

Two recent reports have described the surgical removal of iron tablets from the GI tract 
following severe iron intoxication. »■» The indication for surgery used in both of these 
circumstances was the abdominal radiograph. When a large number of opacities are identified 
in a single location, it may be reasonable to consider surgical intervention. No real estimate 
of the risk-benefit relationship for this approach is known, the clinician must consider the 
stability of the patient, the number of tablets seen on radiograph, and the potential for other 
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procedures such as lavage, emesis. and catharsis to successful)? remove these tablets The 
propensity from some iron tablet preparations to form concretions may mandate this approach 
Surgical intervention should be considered only if a large number of tablets inaccessible to 
eraesis, lavage, or gastroscopy appear to be present, and the clinician should obtain radi- 
ographs immediately prior to surgical intervention. Laparotomy to remove iron concretions 
should not be considered a routine measure in iron intoxication. 

D. HEMODIALYSIS AND EXCHANGE TRANSFUSION 

As with many forms of intoxication, hemodialysis has been investigated in iron intox- 
ication. It does appear that the complex of deferoxamine and iron can be removed by 
dialysis. 31 When confronted with the possibility of renal failure, this seems a reasonable 
approach; however, there appears to be relatively little advantage to the initiation of he- 
modialysis in cases in which renal function is normal. 

Exchange transfusion is another area of controversy for many intoxicated states. Cur- 
rently, recommended doses of deferoxamine will chelate very little of the total body burden 
of iron in a serious overdose. Exchange transfusion has been demonstrated to increase the 
rate of iron removal by as much as 30-fold when compared with chelation therapy alone in 
animal studies. 14 This approach should only be seriously considered in situations where other 
conventional therapies have failed and where serum iron concentrations are extremely high. 
Given the poor affinity of iron for charcoal, the use of charcoal hemopcrfusion would offer 
little benefit, if any. Since the iron deferoxamine complex does bind to charcoal, further 
study and experience may suggest that this is a possible therapeutic approach. 30 

V. SUMMARY 

Iron poisoning is a major toxicologic problem. Failure to recognize the severity of iron 
intoxication may result in an inappropriate level of intervention. Estimates of the total body 
burden of iron, clinical symptoms, and the serum concentration are needed before an ap- 
propriate decision can be made to initiate therapy. In severe intoxication, the use of intra- 
venous deferoxamine is indicated, along with supportive care and particular attention given 
to maintaining the intravascular volume. Other measures should include correction of met- 
abolic acidosis and disorders of coagulation. Replacement of blood components is necessary 
when there is evidence of GI hemorrhage. Measures such as hemodialysis and exchange 
transfusion should be reserved for those unusual poisonings in which more conventional 
therapy has been unsuccessful . In rare cases of iron intoxication, late sequelae such as hepatic 
necrosis and GI scarring with obstruction may occur. The prompt recognition and initiation 
of management of children with acute iron poisoning is the single most critical element in 
decreasing the morbidity and mortality associated with these products. 
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Deferoxamine is commonly used for treatment of iron 
intoxication* Because the usual dose is unable to chelate 
sufficient iron before severe injury occurs, "high- dose" 
deferoxamine treatment has been proposed. However, 
several authors have reports d severe toxicity after deferox- 
amine therapy. Although die hemodynamic effects are well 
described, the cellular toxicity of deferoxamine is unknown. 
Accordingly, we investigated the cellular toxicity of deferox- 
amine using in vitro techniques in two cell lines. Brain cells 
were harvested from fetal rats and cultured for 14-21 days 
before deferoxamine exposure. Using similar techniques, rat 
hepatoma cells were grown until confluent Deferoxamine 
was added to the cultures to achieve final concentrations of 
200-800 /ig/ml v corresponding to in vivo infusion rates of 
15-60 mg/kg/h. Deferoxamine was removed after 3 or 6 days 
by changing the medium. Subtaxic FeCl, (500 mg/dl) was 
concurrently added to identical cultures to determine if 
deferoxamine potentiated iron toxicity. Cell viability was 
measured by a colorimetric assay. The addition of deferox- 



amine (0.2, 0.4, 0.8 mg/ml) significantly decreased cell 
viability in both cell groups. The effect of deferoxamine on 
primary cortical brain cultures was similar for the three 
concentrations used, and was similar when examined either 
72 h or 6 days later. In contrast, hepatoma cell cultures 
evidenced a dose- dependent cell loss that increased with the 
length of exposure. The addition of subtoxic amounts ofFeCl 9 
( 500 pg/dl) in the presence of deferoxamine was protective 
in all cultures, and abolished deferoxamine •induced cell 
loss. Interestingly, the addition of serum albumin signifi- 
cantly reduced the amount of iron present in cells, suggesting 
its potential use to treat iron toxicity. These results suggest 
that deferoxamine, in the absence of iron, is toxic to cortical 
brain and hepatoma cells in vitro. Human & Experimental 
Toxicology (2001) 20,365-372. 
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Introduction 

Iron intoxication is a common cause of morbidity 
and mortality among children. Lethal doses of iron, 
typically in the form of enticing, brightly colored 
vitamins, are readily available to, and frequently 
ingested by children. The pathophysiology of iron 
toxicology is complex and, at present, only partially 
understood. The severity of iron intoxication is 
directly related to the amount of elemental iron 
absorbed. 1 Serum iron levels peak between 2 and 6 
h after iron ingestion, 2 and decrease to minimally 
elevated levels within 6 2 to 12 s h after ingestion in 
humans. Within 6 h of ingestion, iron is transported 
to the mitochondria where it interrupts intermediary 
metabolism and disrupts cellular function. This 
typically results in multi- organ failure, pyloric or 
antral stenosis, hepatic cirrhosis and central nervous 
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system dysfunction. 4 Currently, available therapy for 
severe iron intoxication includes decontamination 
therapy (such as gastric lavage and whole bowel 
irrigation) to prevent absorption, followed by 
administration of deferoxamine to chelate absorbed 
iron. 2 

Because medical therapy often is not sought 
until several hours after potentially lethal iron 
ingestion, toxic amounts of iron have frequently 
been absorbed before patients seek medical care. 
Hence, deferoxamine chelation therapy and sup- 
portive care are frequently the only available 
course of treatment for severe iron intoxication. 
The efficacy of chelation therapy is limited by 
deferoxamine's iron-binding capacity and its own 
cellular toxicity. The maximum recommended 
deferoxamine infusion rate is 15 mg/kg/h because 
larger doses may result in hypotension, as well as 
tachycardia and gastrointestinal complications 
( package insert). However, because iron binds 
deferoxamine in a 1:1 molar ratio, this dose only 
chelates up to 50% of a potentially lethal dose of 
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iron (60 mg/kg) in the first 24 h of therapy. 
Because chelation therapy may be less effective 
once iron has entered the extracellular space, 
clinical practice has involved the use of high 
dosages of deferoxamine (up to 60 mg/kg/h) with 
aggressive fluid administration to overcome defer- 
oxamine -induced hypotension. However, recent 
reports suggest that deferoxamine may have direct 
cellular toxicity. 5 " 9 Cellular toxicity of high -dose 
deferoxamine treatment has been associated with 
vision and hearing loss, adult respiratory distress 
syndrome (ARDS) and multi-organ failure/ At 
present, the relationship between deferoxamine 
and cellular toxicity is unclear and must be 
clarified before high-dose deferoxamine therapies 
can be safely used. Accordingly, the present study 
was designed to evaluate high-dose deferoxamine 
toxicity on two cell lines, hepatoma and primary 
cortical brain cells, using in vitro techniques. 

- ■ , * 

Methods 

Animals were cared for in accordance with the Public 
Health Service Policy on Humane Care and Use of 
Laboratory Animals. Two cell lines, primary cortical 
brain cells and hepatoma cells, were used. These cells 
represent two of the major organs affected by iron or 
deferoxamine toxicity and have different and unique 
characteristics. Primary cortical brain cell cultures are 
composed of several cell classes of neurons and glia 
and are principally post-mitotic following 2-3 weeks 
of post- platting growth. In contrast, hepatoma cells 
are homogeneous and mitotically active under a 
variety of culture conditions. The use of these two 
cells types was important for distinguishing cellular 
toxicity on a stable cell population with limited 
capability to replace cells from a mitotically active 
cell population that is continuously adding new cells. 
Additionally, the in vitro technique used in this study 
facilitated determination of deferoxamine toxicity 
without the confounding interaction of other organ 
effects such as hypotension, pulmonary edema or 
organ failure. Moreover, it permitted quantification of 
toxic levels for specific tissues that are problematic in 
whole animal studies. The data derived from this 
initial study will be used to guide future whole animal 
studies. 



Cell culture 

Primary cortical brain cultures 
To obtain primary cortical brain cultures, pregnant 
Sprague-Dawley rats at 17 days of gestation were 
placed into a C0 2 -filled chamber until unconscious, 



after which cervical dislocation euthanasia was 
performed. Fetuses were removed by rapid Cesarean 
section; the brains removed and placed into cold 
minimum essential medium (MEM) supplemented 
with D-glucose and 10% fetal bovine serum (FBS). 
After cooling, the cerebrums were placed into fresh 
medium containing trypsin for 10 min. The trypsin 
was then neutralized by the addition of 596 serum and 
cells dissociated in additional medium by gentle 
trituration. Cells were diluted to a concentration of 
3-3.5 million cells/ml, and 300,000-350,000 cells 
were plated per well onto 96 -well plates (100 jil 
medium/well). Cells were cultured at 37°C in 5% 
C0 2 , 95% air for 14-21 days before deferoxamine 
exposure. 

Hepatoma culture 

Rat hepatoma cells were cultured in MEM supple- 
mented with D-glucose and 15% FBS serum in 
standard tissue culture flasks. Cells were harvested 3 
days before deferoxamine exposure using 0.6% 
trypsin solution, and triturated to dissociate cells. 
After centrifugation at 2000 rpm for 3 min, the 
medium was removed. Cells were diluted in medium 
to achieve 500,000 cells/ml, and 100 u\ (50,000 cells) 
per well was plated onto 96 -well plates and allowed 
to grow to confluence. The medium was replaced 
every 3 days in both the primary cortical brain and the 
hepatoma cultures. 



Deferoxamine exposure 

Seventy-two-hour primary brain and hepatoma 
culture exposure 

Primary brain and hepatoma cultures were incu- 
bated in different concentrations of deferoxamine for 
72 h. In both primary brain and hepatoma cultures, 
the culture medium was replaced with 100 ul fresh, 
indicator -free medium immediately prior to deferox- 
amine exposure. Deferoxamine was dissolved in 
culture medium to form concentrated solutions (0, 
2.4, 4.8 and 9.6 mg/ml). Next, 10 ul of the 
deferoxamine solution was added to the medium 
in each well to achieve final concentrations of 0 
(control), 200, 400 and 600 fig/ml. These concen- 
trations were chosen to correspond to estimated 
serum levels for in vivo deferoxamine infusion rates 
of 0, 15, 30 and 60 mg/kg/h (calculated using V d of 
0.6 1/kg). Cultures were returned to the incubator 
for 72 h, after which viability assays were per- 
formed. The time of exposure (72 h) was chosen to 
approximate clinical exposure for deferoxamine 
treatment. All time points described refer to the 
interval from the beginning of deferoxamine expo- 
sure until the referenced time. 
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Six-day trials 

One of the central questions in this study was the 
long- term effect of deferoxamine exposure. Accord- 
ingly, additional groups of primary brain and hep- 
atoma cultures were exposed to deferoxamine for 6 
days. Culture medium was changed immediately 
before deferoxamine exposure and 10 pA of concen- 
trated deferoxamine solution added to the medium to 
achieve 0 (control), 200, 400 or 800 fig/ml final 
concentration. In one group of cultures, deferoxamine 
was removed after 3 days by changing to fresh culture 
medium and cultures were returned to the incubator 
for an additional 3 days. This group provided 
information on the ability of the cells to recover from 
deferoxamine toxicity, or alternatively, of delayed 
toxic effects. A second group of cultures was 
incubated in deferoxamine -containing medium for 6 
days. The second group was important for examina- 
tion of continuous, long-term exposure to deferox- 
amine. Cell viability assays were performed in both 
groups at 6 days and compared to untreated matched 
controls. 

Concurrent iron exposure 

Previous reports have associated excessive chelation 
with deferoxamine toxicity. To determine if iron 
affected deferoxamine toxicity in our cultures, FeCl 3 
was added to achieve 500 jig/ml final concentration 
with deferoxamine in identical cultures described 
above. FeCl 3 , 0.5 mg/ml, was dissolved in Hank's 
balanced salt solution (HBSS), and 10 pi was added to 
each well. This level of iron minimally affects cell 
viability and represents a subtoxic dose. To maintain 
equal volumes of medium within wells, 10 pi of HBSS 
was added to all wells not treated with iron. 



Assessment of toxicity 

Cell viability was measured by color imetric assay 
using the tetrazolium salt MTT (3-(4,5-dimethylth- 
iazol - 2 • yl ) - 2,5 - diphenyl tetrazolium bromide ). 10 
Tetrazolium salts such as MTT can be used to 
measure the activity of dehydrogenase enzymes, 
which are present only in living cells. These enzymes 
primarily in active mitochondria cleave the tetrazo- 
lium ring. Cleavage of the tetrazolium ring results in 
formation of a dark blue fonnazan product in 
proportion to the number of live cells present 

The MTT assay was performed by adding 20 /±1 of 
2.5 mg MTT/ml solution to each culture well, and 
incubating for 5 h at 37°C. SDS (100 pi. 10%) was 
then added and allowed to dissolve the fonnazan 
crystals overnight After assuring that all cells were 
lysed and all crystals were dissolved, optical density 
of each well was read at 620 nm and recorded. 



Neither deferoxamine nor FeCl 3 had any effect on the 
MTT assay as measured in control wells and wells 
filled with dH 2 0. 



Statistical analysis 

Each data point reported in this study consists of the 
average of eigb t or more wells. Mean values ( ± SEM) 
of four sets of animals and eight hepatoma cultures 
were calculated (Figures 1-5). The mean values were 
compared using an overall multivariate ANOVA with 
repeated measures to determine main effects, fol- 
lowed by one-way ANOVA with Duncan's post-hoc 
testing for individual comparisons. 



Results 

Deferoxamine exposure produced a reduction of cell 
viability in both cortical brain and hepatoma cultures. 
Concurrent exposure to 500 /ig/dl of FeCl 3 and 
deferoxamine was protective in all cultures. 

Primary brain culture 

Cortical brain cell viability is shown in Figure 1, 
grouped by deferoxamine exposure and measurement 
time. In the absence of deferoxamine exposure (0 
Deferox), baseline brain cell viability slightly 
decreased over time as evidenced by the decreased 
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72° 3d@6d 6d 

Deferoxamine Exposure 

Figure l Deferoxamine toxicity in primary neuronal cell cultures as 
measured by MTT absorb anca Deferoxamine was added to primary 
cortical brain cultures at 0 (control), 0.2, 0.4 and 0.6 mg/ml. The 
cultures were divided into three groups: a 72 -h exposure group 
(72"), a 3-day deferoxamine exposure group examined on day 6 
(3d@6d). and a 6 -day exposure group (6d). The addition of 
deferoxamine decreased cell viability at ail three concentrations 
used (*P<0.01 ). Moreover, the effect was similar across the three 
concentrations used. Tha addition of deferoxamine significantly 
reduced cell viability in the 72-h ( 72°) and 6-day (6d) groups, and 
resulted in a trend of reduced viability in cell groups exposed for 3 
days but allowed to recover until day 6 (3d@6d) 
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viability at 6 days compared to that measured at 72 h. 
This is typical of established primary neuronal 
cultures due to their low-mitotic-activity, but nor- 
mally occurring, cell death. Deferoxamine exposure 
for 72 h, however, resulted in a significant decrease in 
cell viability (P< 0.001). Interestingly, no significant 
difference in cell viability was found at deferoxamine 
concentrations of 0.2, 0.4 or 0.8 mg/ml, suggesting 
that the effect on cell viability at these concentrations 
was relatively similar. Deferoxamine significantly 
reduced cell viability after 6 days of exposure relative 
to controls (P<0.02), but was again similar in effect 
at the three concentrations used. At 6 days, following 
a 3-day deferoxamine exposure, a similar but non- 
significant trend to that at 72 h and 6 days was 
observed, suggesting that a partial recovery may 
occur following removal of deferoxamine from the 
medium. 

Figure 2 shows the viability of cultures with 
identical deferoxamine exposure, and the addition of 
500 /ig/dl FeCl 3 . In the presence of subtoxic iron 
concentrations, deferoxamine -induced loss of viabil- 
ity did not occur. No significant difference in MTT 
absorbance was observed between control (containing 
sublethal FeCl 3 alone) and FeCl 3 /deferoxamine- 
exposed cultures. 

Hepatoma culture 

Hepatoma cell viability after deferoxamine exposure 
is shown in Figure 3. In the absence of deferox- 
amine exposure (0 Deferox), increased baseline 
hepatoma cell viability over time was observed by 
increased MTT absorbance measured at 6 days 
compared to that measured at 72 h. This was 
expected in immortal hepatoma cultures where 
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Figure 2 Primary cortical brain cultures exposed to deferoxamine 
and Fed,. These cultures were Identical to those of Figure 1 with 
the exception that 500 /ig/dl of FeCl a was added. The presence of 
iron and deferoxamine together prevented the toxic effects of 
deferoxamine. No significant differences (ns) were found in the 
72 -h cultures relative to either the 3- or 6 -day cultures 
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Figure 3 Deferoxamine toxicity in hepatoma cell cultures. Four 
concentrations of deferoxamine were used under similar condi- 
tions as Figure t. Note that deferoxamine reduced cell viability as 
determined from MTT absorbance in each of the three conditions 
and at each of the three concentrations used. In contrast to primary 
cortical brain cultures, a clear dose-dependent effect was observed 
(*P<0.01) 

continuous cell division typically occurs. Deferox- 
amine exposure for 72 h or 6 days resulted in 
significant (P<0.02) dose-dependent loss of cell 
viability as indicated by reduced MTT absorbance. 
Comparison of cultures exposed to deferoxamine for 
3 days and examined at day 6. unlike cultures 
exposed for 6 days, did not reveal a significant 
difference in hepatoma cell loss. 

An effect similar to that observed in primary 
cortical brain cultures was also found in combined 
FeCl 3 /deferoxamine hepatoma cultures (Figure 4). In 
the presence of FeCl 3 , deferoxamine -induced cell loss 
did not occur, although the normal increase in cell 
numbers that occurs in hepatoma cell cultures over 
time was not seen (compare Figures 3 and 4). This 
indicates that although the addition of FeCI 3 blocks 
the deferoxamine -induced cell loss, the presence of 
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Figure 4 Hepatoma cultures with Iron. These cultures were 
identical to those of Figure 3 with the exception that 500 pg/dl of 
FeCl 3 was added. The presence of iron and deferoxamine together 
prevented the toxic effects of deferoxamine. No significant differ- 
ence was found between the groups (ns) 
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viability at 6 days compared to that measured at 72 h. 
This is typical of established primary neuronal 
cultures due to their low -mitotic -activity, but nor- 
mally occurring, cell death- Deferoxamine exposure 
for 72 h, howeveT, resulted in a significant decrease in 
cell viability (P< 0.001). Interestingly, no significant 
difference in cell viability was found at deferoxamine 
concentrations of 0.2, 0.4 or 0.8 mg/ml, suggesting 
that the effect on cell viability at these concentrations 
was relatively similar. Deferoxamine significantly 
reduced cell viability after 6 days of exposure relative 
to controls (P<0.02), but was again similar in effect 
at the three concentrations used. At 6 days, following 
a 3 -day deferoxamine exposure, a similar but non- 
significant trend to that at 72 h and 6 days was 
observed, suggesting that a partial recovery may 
occur following removal of deferoxamine from the 
medium. 

Figure 2 shows the viability of cultures with 
identical deferoxamine exposure, and the addition of 
500 /ig/dl FeCl 3 . In the presence of subtoxir. iron 
concentrations, deferoxamine -induced loss of viabil- 
ity did not occur. No significant difference in MTT 
absorbance was observed between control (containing 
sublethal FeCl 3 alone) and FeCl 3 / deferoxamine - 
exposed cultures. 

Hepatoma culture 

Hepatoma cell viability after deferoxamine exposure 
is shown in Figure 3. In the absence of deferox- 
amine exposure (0 Deferox), increased baseline 
hepatoma cell viability over time was observed by 
increased MTT absorbance measured at 6 days 
compared to that measured at 72 h. This was 
expected in immortal hepatoma cultures where 
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Figure 2 Primary cortical brain cultures exposed to deferoxamine 
and FeCl 3 . These cultures were identical to those of Figure 1 with 
the exception that 500 /xg/ril of FcC) 3 was added. The presence of 
iron and deferoxamine together prevented the toxic effects of 
deferoxamine. No significant differences (ns) were found Ln the 
72 -h cultures relative to eitherthe 3- or 6-day cultures 
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Figure 3 Deferoxamine toxicity in hepatoma cell cultures. Four 
concentrations of deferoxamine were used under similar condi- 
tions as Figure 1. Note that deferoxamine reduced cell viability as 
determined front MTT absorbance in each of the three conditions 
and at each of the three concentrations used. In contrast to primary 
cortical brain cultures, a clear dose -dependent effect was observed 
(*P<0.01) 
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continuous cell division typically occurs. Deferox- 
amine exposure for 72 h or 6 days resulted in 
significant (P<0.02) dose -dependent loss of cell 
viability as indicated by reduced MTT absorbance. 
Comparison of cultures exposed to deferoxamine for 
3 days and examined at day 6, unlike cultures 
exposed for 6 days, did not reveal a significant 
difference in hepatoma cell loss. 

An effect similar to that observed in primary 
cortical brain cultures was also found in combined 
FeCl 3 /deferoxamine hepatoma cultures (Figure 4). In 
the presence of FeCl 3> deferoxamine -induced cell loss 
did not occur, although the normal increase in cell 
numbers that occurs in hepatoma cell cultures over 
time was net seen (compare Figures 3 and 4). This 
indicates that although the addition of FeCl 3 blocks 
the deferoxamine -induced cell loss, the presence of 
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Figure 4 Hepatoma cultures with iron. These cultures were 
identical to those of Figure 8 with the exception that 500 /jg/dl of 
FeCl 3 was added. The presence of iron and deferoxamine together 
prevented the toxic effects of deferoxamine. No significant differ- 
ence was found between the groups (ns) 
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both agents nonetheless affects the increase in cell 
numbers that occurs in their absence. 

One unexpected finding was the protective benefit 
of the addition of bovine albumin to cultures 
containing iron. Figure 5 illustrates our findings on 
the addition of 5% bovine serum albumin to cultures 
containing either 0, 1000 or 2000 /ug/dl of FeCl 3 and 
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Figure 5 Hepatoma cultures containing 596 bovine albumin and 
FeClj. Cultures ware as described previously with the exception 
that both albumin [5%) and FeCI a were added (A) Cultures 
containing FeCl 3 at concentrations of 0* 1000 end 2000 fi%/61 and 
measured for MTT absoxbance 3 h after exposure to the Iron. The 
presence of albumin significantly reduced (*P< 0.0001) the 
toxicity of the iron at these two levels. (B) Measurement of the 
amount of iron (as denoted by absorbanoe) in either the medium or 
cells exposed to Iron and albumin* The medium and cells were 
measured at 3 h or 3 days after iron exposure. Note that in all 
cultures, the amount of iron in the medium was significantly 
higher than in the cells. More importantly, the amount of iron in 
the control cells was similar to the experimental conditions, 
suggesting that bovine albumin effectively bound the Iron and 
prevented its entry into the cells ( *?<0.000l ). (C) Measurement 
of the amount of iron in cells not exposed to «lhwmin_ The three 
iron concentrations were the same as in (A) and (B). Mote that in 
the absence of albumin, the cells contained significantly greater 
amounts of iron ( *P< 0.001 ) 



measured for MTT absorbency 3 h later. The addition 
of 5% albumin significantly reduced iron-induced 
toxicity in each of the experimental conditions 
relative to matched controls. 

The addition of serum albumin is a widely accepted 
method for improving cell growth in cultures. Our 
observation of increased viability of cells exposed to 
both iron and albumin was potentially explained by 
the general benefit of its addition to the cultures. 
Alternatively, albumin may act to bind iron in the 
medium, thereby reducing its access to cells. To 
explore this point, we measured the amount of iron in 
the medium and within cells of these cultures. For 
this, the medium was removed from the cultures and 
measured for iron. The cells were washed three times 
in iron -free medium, lysed and collected for similar 
measurement Figure 5B depicts our ob$ervations of 
the amount of iron in the medium and cells following 
3 h or 3 days of exposure. The presence of albumin 
significantly reduced the amount of iron in cells with 
values similar to controls. In contrast, the medium 
from the experimental groups had significantly 
greater quantities of iron and suggested that one of 
the benefits of the albumin was to limit the amount of 
iron that entered the cells. Collectively, these two 
series of experiments (Figure 5A and B) suggest that 
serum albumin may have protective benefits compa- 
rable to deferoxamine without its cellular toxicity. 



Discussion 

After ingestion, iron is absorbed as the ferrous form in 
the duodenum and jejunum and then converted to the 
ferric form by gastrointestinal mucosal cells. It is 
transported to body tissues by a 01 -globulin in blood. 
Within the cell, iron is transported to the mitochon- 
dria where it becomes localized in the mitochondrial 
cristae. Iron toxicity is thought to result from 
interruption of Intermediary metabolism and failure 
of ATP generation in mitochondria, possibly due to 
iron acting as an electron sink, which shunts electrons 
away from the cytochrome system. Because detoxifi- 
cation is often ineffective and no therapies are 
available to interrupt the cellular mechanism of 
toxicity, outcome is often dependent on the dose 
ingested and the time elapsed before medical care is 
sought (for review, see Ref. 11 ). 

Current therapy is designed to prevent absorption 
and then to remove absorbed iron (chelation). 
Cellular iron uptake occurs rapidly, such that an 
absorbed iron dose is generally cleared from the 
serum within 6-8 h after acute intoxication. Typi- 
cally, a toxic ingestion has already been absorbed 
before patients seek medical care. Iron toxicity 
increases proportionally to serum levels such that 



Deferoxamine toxicity 

DW Christensen et af 



both agents nonetheless affects the increase in cell 
numbers that occurs in their absence. 

One unexpected finding was the protective benefit 
of the addition of bovine albumin to cultures 
containing iron. Figure 5 illustrates our findings on 
the addition of 5% bovine serum albumin to cultures 
containing either 0, 1000 or 2000 /xg/dl of FeCl 3 and 
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Figure 5 Hepatoma cultures containing 5% bovine albumin and 
FeCl 3 . Cultures were as described previously with the exception 
that both albumin (5%) and FeC) 3 were added. (A) Cultures 
containing FeCl 3 at concentrations of 0, 1000 and 2000 /xg/dl and 
measured for MTT absorbance 3 h after exposure to the iron. The 
presence of albumin significantly reduced [*P< 0.0001) the 
toxicity of the iron at these two levels. (B) Measurement of the 
amount of iron (as denoted by absorbance) in either the medium or 
cells exposed to iron and albumin. The medium and colls were 
measured at 3 h or 3 days after iron exposure. Note that in all 
cultures, the amount of iron in the medium was significantly 
higher than in the cells. More importantly, the amount of iron in 
the control cells was similar to the experimental conditions, 
suggesting that bovine albumin effectively bound the iron and 
prevented its entry into the cells [*P< 0.0001 ). (C) Measurement 
of the amount of iron in cells not exposed to albumin. The three 
iron concentrations were the same as in (A) and {B). Note that in 
the absence of albumin, the cells contained significantly greater 
amounts of iron ( *P< 0.001 ) 



measured for MTT absorbency 3 h later. The addition 
of 5% albumin significantly reduced iron -induced 
toxicity in each of the experimental conditions 
relative to matched controls. 

The addition of serum albumin is a widely accepted 
method for improving cell growth in cultures. Our 
observation of increased viability of cells exposed to 
both iron and albumin was potentially explained by 
the general benefit of its addition lo the cultures. 
Alternatively, albumin may act to bind iron in the 
medium, thereby reducing its access to cells. To 
explore this point, we measured the amount of iron in 
the medium and within cells of these cultures. For 
this, the medium was removed from the cultures and 
measured for iron. The cells were washed three limes 
in iron-free mrdium, lysed and collected for similar 
measurement. Figure 5B depicts our observations of 
the amount of iron in the medium and cells following 
3 h or 3 days of exposure. The presence of albumin 
significantly reduced the amount of iron in cells with 
values similar to controls. In contrast, the medium 
from the experimental groups had significantly 
greater quantities of iron and suggested that one of 
the benefits of the albumin was to limit the amount of 
iron that entered the cells. Collectively, these two 
series of experiments (Figure 5 A and B) suggest that 
serum albumin may have protective benefits compa- 
rable to deferoxamine without its cellular toxicity. 



Discussion 

After ingestion, iron is absorbed as the ferrous form in 
the duodenum and jejunum and then converted to the 
ferric form by gastrointestinal mucosal ceils. It is 
transported to body tissues by a 01 -globulin in blood. 
Within the cell, iron is transported to the mitochon- 
dria where it becomes localized in the mitochondrial 
cristae. Iron toxicity is thought to result from 
interruption of intermediary metabolism and failure 
of ATP generation in mitochondria, possibly due to 
iron acting as an electron sink, which shunts electrons 
away from the cytochrome system. Because detoxifi- 
cation is often ineffective and no therapies are 
available to interrupt the cellular mechanism of 
toxicity, outcome is often dependent on the dose 
ingested and the time elapsed before medical care is 
sought (for review, see Ref. 11 ). 

Current therapy is designed to prevent absorption 
and then to remove absorbed iron (chelation). 
Cellular iron uptake occurs rapidly, such that an 
absorbed iron dose is generally cleared from the 
serum within K-8 h after acute intoxication. Typi- 
cally, a toxic ingestion has already been absorbed 
before patients seek medical care. Iron toxicity 
increases proportionally to serum levels such that 
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moderate toxicity is likely with levels > 500 mg/dl, 
and levels >1000 mg/dl are potentially lethal. 2,12 
Since decontamination techniques aie frequently 
inadequate or too late to prevent absorption of toxic 
doses, clinical intervention typically attempts to 
remove absorbed iron by chelation. Despite lack of 
proven efficacy, deferoxamine administration is cur- 
rently the standard of treatment for acute iron 
intoxication. 2 

Although deferoxamine effectively chelates iron, 
the recommended maximum dose of deferoxamine 
is frequently unable to prevent iron toxicity. 
Deferoxamine chelates iron from ferritin and hemo- 
siderin, forming stable complexes, which prevent 
the chelated iron from participating in chemical 
reactions. The iron - deferoxamine complex (ferriox- 
amine) is excreted primarily by the kidney. The 
efficacy of chelation therapy is limited by deferox- 
amine^ iron -binding capacity (1.0 mg deferoxamine 
binds up to 0.085 mg iron) and deferoxamine 
toxicity. Ingestion of >60 mg/kg of elemental iron 
is potentially lethal in children, with many children 
in our experience presenting after ingestion of 100- 
300 mg/kg. Because iron is generally cleared rapidly 
from the serum after ingestion, effective therapy for 
a 60 mg/kg ingestion should theoretically chelate at 
least 10 mg iron/kg/h (although the actual time 
interval during which ingested iron must be 
removed to prevent toxicity is unknown). The 
current maximum recommended deferoxamine infu- 
sion rate of 15 mg/kg/h would be expected to 
chelate only 1.26 mg/kg/h. Hence, chelation ther- 
apy at maximum recommended doses cannot be 
expected to chelate a significant portion of a 
potentially toxic dose of ingested iron. Accordingly, 
despite recommendations that deferoxamine be 
infused at rates not exceeding 15 mg/kg/h (package 
insert), higher doses have been used in an attempt 
to remove absorbed iron. Continuous deferoxamine 
infusion rates up to 35 mg/kg/h have been used for 
treatment of iron overdose with apparent success. 13 
Successful use of high- dose deferoxamine treatment 
of iron overload in thalassemic patients has been 
reported. 5,14,15 High-dose intravenous therapy has 
been recommended to achieve rapid removal of 
excess iron. 15 However, enthusiasm for high -dose 
infusion has been tempered by reports of deferox- 
amine toxicity. High rates of deferoxamine infusion 
produce hypotension, which can be effectively 
treated by aggressive fluid resuscitation (unpub- 
lished personal observation). Several authors have 
noted that high-dose deferoxamine can cause severe 
toxicity, as can normal doses in patients with a low 
iron burden 5 . Prolonged infusion or high infusion 
rates are also associated with ototoxicity, 10 ocular 
toxicity, 17 renal failure. 18 " 20 ARDS, 8 and myocardial 



depression and hypotension. 7 These toxic effects 
may be additive and difficult to distinguish from 
similar effects of iron poisoning. Whether deferox- 
amine toxicity results primarily from hemodynamic 
changes induced by high -dose deferoxamine or 
from direct cellular toxicity has not been well 
documented. ~ w 

Our modal of deferoxamine cytotoxicity in cell 
cultures eliminates many compounding problems 
associated with whole-body or whole-animal 
administration (e.g., pulmonary or circulatory 
effects). Hepatoma cultures were used because of 
the prominence of hepatic injury in iron poisoning. 
Because tumor cell lines tend to be more vigorous 
than primary cultures, simultaneous evaluation in a 
primary cell culture was also performed using fetal 
rat brain cultures. In contrast to hepatoma cells, 
established primary cortical brain cell lines are fairly 
static and axe not mitotically active. Primary cortical 
brain cultures are generally unable to compensate 
for cell loss by continued cell division as that which 
occurs in hepatoma cultures. Our findings demon- 
strate a cytotoxic effect of deferoxamine in cell 
culture documenting direct cytotoxicity in the 
absence of circulatory factors (Figures 2-4). Inter- 
estingly, major differences between the two cell 
lines were observed. Primary cortical brain cells like 
hepatoma cells evidenced reduced cell viability 
when exposed to deferoxamine. However, unlike 
hepatoma cells, cortical brain cells were similarly 
affected by deferoxamine at concentrations ranging 
from 0.2 to 0.8 nig /ml. However, when the cultures 
were examined at earlier time points, e.g., 2-3 days, 
a dose-response relationship was observed (data not 
shown). Thus, the fourfold increase in deferoxamine 
level, which had only limited dose- related effect on 
cell viability at day 6, presumably reflects the 
convergence of earlier cell loss. In contrast, hep- 
atoma cells evidenced a dose -dependent reduction 
in cell viability at day 6, although determination of 
effects at low deferoxamine concentrations was 
problematic and partially masked by continued cell 
proliferation. 

Several studies suggest that deferoxamine toxicity 
can be reduced by avoiding excessive chelation, 
particularly in the presence of low iron stores. 5,21 In 
support of this, ototoxicity in thalassemic patients was 
more likely when the deferoxamine /serum ferritin 
ratio exceeded 0.027. 10 While evaluating the antipar- 
asitic effect of deferoxamine in cell culture, Glickstein 
et al 22 noted a deferoxamine- induced reduction of 
mammalian cell proliferation that appeared to result 
from deferoxamine's capacity for scavenging intra- 
cellular iron. These reports suggest that deferoxamine 
toxicity is associated with excessive iron chelation. 
Moreover, they are consistent with our findings that 
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deferoxamine alone induces cell death in culture, but 
that the addition of FeCl 3 at subtoxic levels prevents 
deferoxamine- induced cellular toxicity (Figures 2 
and 4). 

Similar to our observations, Lee and Wurster 23 
found that addition of deferoxamine to cultures of 
tumor cell lines (neuroblastoma and glial) signifi- 
cantly reduced cell viability. The addition of 
stoichiometric amounts of ferric ions, however, did 
not decrease the cytotoxic effect of deferoxamine. 
However, iron -induced cytotoxicity may occur at 
the doses they employed, which exceeded those 
used in our study. We have observed that high -dose 
deferoxamine exposure results in cell death in both 
primary cortical brain and hepatoma cell cultures, 
which is reduced by concurrent subtoxic iron 
exposure. 

One surprising finding was the beneficial effect of 
the addition of bovine albumin to our cell cultures. It 
is common practice to add albumin to cell cultures to 
increase cell viability. The beneficial effect of albumin 
added to cultures containing iron were, in this 
respect, not surprising. However, further investiga- 
tion revealed that the iron in the medium failed to 
enter the cells and suggested that serum albumin may 
non- specifically bind iron and thereby prevent it from 
entering the cells (Figure 5 A and B). Potentially, 
albumin may be as effective in removing iron from 
serum and extracellular fluids as deferoxamine or 
recent alternatives, 24 * 25 without their side effects. We 
are currently evaluating the beneficial effects of 



administration of serum albumin in rats that have 
received injections of iron. 

In summary, we have observed that high -dose 
deferoxamine exposure results in cell death in both 
primary cortical brain and hepatoma cell cultures. 
Moreover, this cell death is reduced by concurrent 
subtoxic iron exposure. Because prolonged exposure 
to high -dose deferoxamine has direct cellular tox- 
icity, its use in humans cannot be safely recommen- 
ded without further study. Our findings are 
consistent with clinical observations that deferox- 
amine toxicity is more common in patients without 
excessive iron overload, or when use is extended 
beyond the period when iron overload would be 
expected. These results support the hypothesis that 
deferoxamine toxicity is associated with excessive 
iron chelation. Improved understanding of the limi- 
tations and potential toxicity of current therapy and 
of the mechanisms of iron toxicity may enable 
improvements that reduce mortality of acute iron 
intoxication. 
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